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Executive Summary

EXECUTIVE SUMMARY

The goal of the North Slope Spills Analysis is to reduce the frequency and severity of future spills

from North Slope crude oil piping infrastructure integrity loss. The North Slope Spills Analysis
represents a continuation of efforts begun in 2008 to conduct the Alaska Risk Assessment (ARA),
which was proposed as a quantitative risk assessment of North Slope crude oil infrastructure to
consider, among other factors, whether the age of the North Slope oil infrastructure was a significant
causal factor contributing to oil spills.

The North Slope Spills Analysis investigates risks to Alaska’s crude oil infrastructure by compiling
available spill data, identifying causal factors, and analyzing the trends in loss-of-integrity spills from
crude oil piping infrastructure on the North Slope. Loss-of-integrity spills were defined as a failure
that leads to a reportable spill of any fluids in the production stream, including mechanical failures and
human errors. The analysis was limited to North Slope oil production infrastructure, which includes
wells and associated piping, flowlines, process centers with their associated piping and above ground
storage tanks, and crude oil transmission lines.

This analysis considers the frequency, severity, and causes of North Slope oil spills by regulatory
category and oil field, and provides recommendations to the State of Alaska to reduce the frequency
and severity of future spills. The analysis utilized available data from spills reported to the Alaska
Department of Environmental Conservation (ADEC) from North Slope oil production operators
during the period of July 1, 1995 to December 31, 2009. ADEC spill data was supplemented by
additional review of publicly available documentation and reports, and in some cases, verified by

the operators. An Expert Panel was convened to review the analysis and provide recommendations
about potential risk reduction measures that address the relationship between causal factors and
infrastructure characteristics.

A spills database was constructed consisting of 640 loss-of-integrity spills from the North Slope oil
production infrastructure. These data were investigated by regulatory category and oil field using a
number of different metrics, such as frequency ot spills, severity of spills, primary cause of failure,

as well as temporal and spatial trends. The analysis also considers leak rates, pipeline age at failure,
leak detection, and impacts. Analyzing spill frequency, severity, and cause of spills provides a means to
identify and understand problems with the goal of making corrections where needed and reducing the
tfrequency and severity of future spills. Although this study was limited by some missing data, and the
dominance of a few very large spills in the data set, several notable findings were observed.

The frequency of loss-of-integrity spills across all of the oil fields and regulatory categories from the
North Slope oil and gas infrastructure shows no significant trend over the analysis time period. There
is some evidence that the severity of spills trends upward over the study period, but due to the non-
normal data distribution, this trend is not considered statistically significant.

For the six regulatory categories analyzed (flowlines, oil transmission pipelines, facility oil piping,
process piping, wells, and above-ground storage tanks), the analysis shows some notable differences
in the relative contributions of spills from difterent categories. Spills from flowlines account for the
highest total amount of oil spilled of the six regulatory categories. The average spill volume for
flowlines is twice the average of all spills. Facility oil piping, process piping and wells all contribute
significantly to the frequency of spills, yet proportionally less to the volume spilled. Spills from above
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ground storage tanks represented the second lowest spill frequency; however a storage tank spill was
the single largest spill in the data set. Spills from oil transmission pipelines have been rare, however
one of these spills, caused by internal corrosion, caused the second largest spill in the data set.

Causal analysis from loss-of-integrity spills where cause was recorded shows that valve/seal failure
1s the most frequent cause of all spills, but corrosion is the most frequent cause of spills greater than
10,000 gallons. External corrosion is the dominant cause of flowline spills.

Calculating leak rates that control for production volume or pipeline mileage allows comparison
between oil fields and can serve as a benchmark for future comparison. Volumetric leak rates vary
dramatically because of the few very large spills. Numeric production leak rates are more consistent
and show that leak rates for Colville River - Alpine, Endicott, and Northstar oil fields are consistently
lower than for Kuparuk River, Milne Point, and Prudhoe Bay. Overall, Endicott appears to have the
lowest overall leak rates, and Milne Point has the highest rates. The Prudhoe Bay and Kuparuk River
oil fields experience very similar leak rates. Badami oil field was excluded from this comparison
because of sparse and erratic data.

The relationship between pipeline age and the frequency and severity of spills from that infrastructure
was a major concern of the Alaska legislature. The data collected for pipeline age at failure was
inconsistent across oil fields, but for those pipeline leaks where age at failure was known, there
appeared to be a significant correlation between pipeline age and probability of leaks. The model
predicts that a 5 year old pipeline has a 3.3% probability of having a spill, while a 30 year old pipeline
has a 31% probability of having a spill.

Limited data available on leak detection methods used and time required to detect spills supports the
hypothesis that reducing the time-to-detection for spills on the North Slope could dramatically reduce
spill severity. The predominant detection method of loss-of-integrity spills was visual. No reported
spills were detected solely by leak detection systems. Statistical analysis of the data for periodicity
showed that the maximum number of spills were detected in June, and this supports the fact that
visual leak detection is the predominant means of detection, since June is the month with the longest
period of daylight hours, coupled with diminished snow cover that makes visual leak detection more
effective.

Insufficient data was available to detect trends in spill impacts, and the North Slope Spills Analysis
does not attempt to analyze potential or actual consequences of loss-of-integrity oil spills. Such
analysis may be a logical next step.

Based on the data alone, it appears that measures for reducing spill frequency would be most effective
for facility oil piping, process piping, and wells, while measures for reducing spill severity should focus
on flowlines.

Upon reviewing the data presented in this report and considering information provided from
regulators and operators, the Expert Panel identified seven recommendations for reducing the risk of
tuture loss-of-integrity spills from North Slope infrastructure. These recommendations are presented
in order of priority, with the highest priority assigned to those recommendations the Panel considered
to be most proactive in addressing future risks.

1. Move to an integrated Integrity Management Program that focuses on leading indicators.
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2. Adopt or model IMP components at State level and for flowlines and require documentation
of IMP-like activities for flowlines.

3. Ultilize existing and emerging technologies to reduce the time required to detect pipeline
leaks.

4. Standardize and improve spill data collection in order to better assess trends and common
causes of spills so that prevention measures can be targeted and evaluated to reduce future
leaks.

5. Conduct regular and ongoing proactive risk analyses to maintain systems at a prescribed level
of safety, and share information from risk analyses among operators and with regulators.

6. Oversee implementation of corrective or preventive measures to evaluate their impact and
eftectiveness.

7. Establish a system of escalated enforcement to enhance and increase regulatory attention on
operators that have spills on the North Slope.

Commonalities exist between the Expert Panel recommendations, which were developed based on
early analysis of the North Slope Spills data, and other comments and recommendations compiled
earlier in the Alaska Risk Assessment project. Common themes included the need for enhanced field
assessments and infrastructure inspections, the need to improve data collection and access to industry
information, and the importance of ongoing risk analysis and forward-looking risk management
activities.

More eftective management of the spill risks and trends identified in this analysis, both at the operator
and the agency oversight levels, can result in a reduction to the frequency and severity of spills due to
loss-of-integrity from North Slope crude oil infrastructure.
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Section 1: Introduction

INTRODUCTION

The North Slope Spills Analysis represents a continuation of efforts begun in 2008 to conduct the
Alaska Risk Assessment (ARA), which was proposed as a quantitative risk assessment of North Slope
crude oil infrastructure. The Alaska State Legislature funded the ARA project in 2007 with the goal
of conducting a broad, systematic assessment of oil and gas infrastructure. The ARA project was
initiated in 2008 using a phased approach. Phase 1 included hiring a contractor, conducting initial
outreach and project scoping, developing a database of the existing oil and gas infrastructure, and
developing a methodology to implement the quantitative risk assessment (Alaska Department of

Environmental Conservation 2008, http://www.dec.state.ak.us/spar/ipp/ara/documents.htm, April
2010).

Upon completion of Phase 1 of the Alaska Risk Assessment, the State of Alaska determined that the
methodology proposed for the ARA could not be eftectively implemented and would not provide an
analysis that satisfied the legislative mandate for the project. Instead of implementing the quantitative
ARA methodology, the State of Alaska developed an alternative approach — the North Slope Spills
Analysis — that would assess the frequency, severity, and causes of past spills, and then develop risk
mitigation recommendations to reduce the frequency and severity of future oil spills.

This report documents the project background, methodology, data analysis, and recommendations of
the Alaska North Slope Spills Analysis.

1.1 Statement of Problem

The Alaska oil industry intends to continue crude oil production from North Slope oil fields using

the existing crude oil infrastructure for another 50 years (Bailey, 2006) (Pemerton, 2006). Additional
recovery of crude oil using the existing infrastructure maximizes the return on investment, provides a
continued and substantial revenue stream for industry and State government, and avoids the impact of
developing new areas. Critical to the success of ongoing production from these existing fields is the
ability to continue reliable and safe operation of the infrastructure.

In the past decade, there have been a number of significant pipeline spills on the North Slope, which
highlighted the vulnerability of the infrastructure to leaks, breaks, and loss-of-integrity. The 2006
GC-2 O1l Transit Line release, which occurred when small holes in a corroded oil transmission
pipeline discharged an estimated 212,000 gallons of crude oil to the tundra, was the largest pipeline
spill to date on the North Slope. In late 2009, three North Slope pipeline spills suggested the
possibility of systemic problems with the integrity of North Slope crude oil pipeline infrastructure.
An initial review of North Slope spill history showed that the overwhelming majority of oil spilled
(both in terms of spill events and total quantity spilled) was from the pipelines that transport oil, gas,
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and produced water (ADEC 2003)." The North Slope Spills Analysis was initiated to analyze the cause
of past spills with the goal of reducing the frequency and severity of future spills that may result from
similar causes.

1.2 Project Goal

The goal of the North Slope Spills Analysis is to reduce the frequency and severity of future spills
from North Slope crude oil piping infrastructure integrity loss. The project was initiated by the
Alaska Department of Environmental Conservation (ADEC) during 2010 to investigate risks to
Alaska’s crude oil infrastructure by identifying available spill data, identifying causal factors, and
analyzing the trends in loss-of-integrity spills from crude oil piping infrastructure on the North Slope.

In 2007, when the Alaska Legislature originally allocated funding for this project, one of the legislative
directives was to analyze whether the age of the North Slope oil infrastructure was a significant causal
tactor contributing to these spills. The North Slope Spills Analysis does consider whether spill trends
over time suggest any relationship to infrastructure aging, while also looking for other trends in
historic spill occurrences that could be linked to future prevention activities.

1.3  North Slope Oil and Gas Production Infrastructure

1.3.1  Brief Overview of North Slope Oil Development

Alaska changed dramatically with the discovery of North America’s largest oil field at Prudhoe Bay on
the Arctic coast in 1967. In the early 1970s, as petroleum production from the contiguous US states
entered a decline, a new discovery of oil at Prudhoe Bay on the North Slope of Alaska oftered the
country the promise of a significant new source of competitive domestic supply. Oil production from
Alaska’s North Slope began in 1977. Exploration in the area led to a series of other major discoveries
in the vicinity of the initial discovery, several of which also rank among the largest in North America,
and which themselves gave rise to a sequence of new development. Oil production increased to

2.2 million barrels per day by 1988, representing 25% of the U.S. domestic production. By 2005,
production had declined to below 900,000 barrels per day, representing about 17% of the U.S. domestic
production. Production has since declined to below 630,000 barrels per day in 2009, but still represents
about 13% of the U.S. domestic production (U.S. Energy Information, July 2009, http://www.eia.doe.
gov/basics/quickoil.html, June 2010).

All oil production to date has been from fields in the Central Arctic (Colville-Canning area) on state
lands and adjacent waters of the Beaufort Sea (The Northstar Unit produces from both state and
tederal waters in the Beaufort Sea). Through 2004, Alaska North Slope oil fields had produced 15
billion barrels of oil, or about 70% of the estimated economically recoverable oil from the currently
developed fields.

On the North Slope and in the adjacent Beaufort and Chukchi Seas, there are more than 4,800
exploratory and production wells, 223 production and exploratory drill pads, over 500 miles of roads,
28 production plants, gas processing facilities, seawater treatment plants, power plants (National
Research Council 2003), and approximately 989 miles of flowline and oil transmission pipelines.

1 This trend was noted in the 2008 ADEC “Statewide Summary of Oil and Hazardous Spill Data, Fiscal Years 1996-2002: Provisional
Report,” which showed that 83% of spills, accounting for 75% of total volume of spillage in the North Slope region over a seven-year
period came from transportation infrastructure. Follow-up reports in 2007, “10-year Statewide Summary of Oil and Hazardous Spill
Data, Fiscal Years 1996-2005” and “Summary of Oil and Hazardous Substance Spills by Subarea (July 1, 1995-June 80, 2005),confirmed
this trend.
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Figure 1-1 shows the major crude oil and gas production infrastructure on the North Slope.

Table 1-1 lists the current oil fields® and the year they came online, with trends in produced water/
produced oil ratios, information about peak production levels, and a summary of the miles of flowlines

and oil transmission pipelines associated with the oil field infrastructure.

Table 1-1. Summary of production statistics and miles of flowlines and oil transmission pipelines for

North Slope oil fields.

Oil Field

First
Month

Last
Month

Production Production

Changes in Produced Water/Oil
Ratios over time?2

Peak
production

(date & level in

bbl)

Total
Miles of
Flowlines

Total
Miles

of

oTP

Total
Combined
Pipeline
Miles

Badami Aug 1998 | Aug 2007 | No produced water Sept 1998; 0 25 25
223,455 bbl
Colville Nov 2000 - Produced oil was always greater May 2007; 26 34 60
River, than produced water. 4,305,471 bbl
Alpine
Endicott July 1986 - Produced water surpassed Oct 1992; 8 26 34
produced oil in Dec 1994; oil 3,703,032 bbl
surpassed water in Feb 1995;
produced water has been
greater than produced oil since
April 1995.
Kuparuk Dec 1981 - Produced water had a greater Dec 1992; 303 37 340
River volume than oil starting in April 10,520,965 bbl
1992; volumes switched back
and forth several times until
December 1993; produced water
has been greater than produced
oil since December 1993.
Milne May 1985 - From May 1985 through July July 1998; 35 11 46
Point 1985, only water was produced, 1,825,669 bbl
production ceased July 1985
& resumed November 1985,
with oil exceeding water. Ratio
has fluctuated over time. As of
January 1997, produced water
has exceeded produced oil.
Northstar | Oct 2001 - Produced oil has always Jan 2004; 0 17 17
exceeded produced water. 2,439,547 bbl
Prudhoe Jan 1977 - In Sept 1992, produced water Jan 1987; 438 29 467
Bay surpassed produced oil. 51,847,411 bbl
Total Miles 810 179 989

2 Oil fields are defined by the Alaska Oil and Gas Conservation Commission for the purpose of production reporting. The Oooguruk
oil field was not included in this study, because there were no loss-of-integrity spills reported from this new oil field during the study

period.

3 All producing fields started with higher proportionate volume of oil than water, with the exception of Milne Point.
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Oil Production Infrastructure

As shown in Figure 1-2, oil production on the North Slope begins at the well, located on well pads

(Figure 1-3) that are typically constructed of gravel and may be located onshore or oftshore on islands.

Each well produces oil, gas, and water in varying proportions. Flowlines carry this three-phase

mixture from the drill site to the processing center. The processing center (Figure 1-4) contains a

variety of equipment, including three-phase separators and gas conditioning equipment. Oil is filtered

to remove any sediment and is then routed through a crude oil transmission pipeline for delivery

to Pump Station 1 of the Trans-Alaska Pipeline (TAPS), as shown in Figure 1-5. Natural gas is

processed to remove liquids, then compressed and reinjected into the reservoir or used as a fuel supply

for production operations. Produced water is chemically treated and also injected into the reservoir.

The reinjected gas and water help to maintain reservoir pressure.

Facility Oil Piping

S0 L 20 O L O

1°1

I

G

o

Flowline

Main Overview

~—pab

Processing Center

|

PRODUCED WATER

Oil Transmission

S=

Pipeline

Injection Pad

CRUDE OIL

Process Piping - not regulated by ADEC under 18 AAC 75 Article 1
Regulated Flowline (18 AAC 75.047)

Regulated Crude Oil Trar ion Pipeline (18 AAC 75.055)
Regulated Aboveground Oil Storage Tank (18 AAC 75.065 / .066)
Regulated Facility Oil Piping (18 AAC 75.080)

Figure 1-2. Overview of typical North Slope crude oil infrastructure components.

Pipelines that carry water, gas,* and crude oil vary in diameter and are typically installed above ground

on vertical support members. Depending upon the type of pipeline and the materials it transports, it

4 In-field gas pipelines are not regulated the State of Alaska.

4
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is subject to different state regulations. The following regulatory categories and definitions in state
regulations provided the basis for categorizing North Slope spills for consideration in this analysis:

*  Well — Regulated by Alaska Oil and Gas Conservation Commission - 20 AAC 25
¢ Facility Oil Piping - 18 AAC 75.080, 75.990(171)

e Flowline — 18 AAC 75.047, 75.990(173)

e Oil Transmission Pipeline — 18 AAC 75.055, 75.990(134)

* Above Ground Oil Storage Tank — 18 AAC 75.065, 75.990(165)

e Process Piping — not regulated by Alaska State agencies.

Of the four pipeline regulatory categories shown in Figure 1-2, two were given special focus during
this analysis: flowlines® and crude oil transmission pipelines.®

Well <----, -
i:————> Facility Oil Piping Well Pad

——
C— &
Pig Launcher/.
Receiver
S :

r———

77777777777 - H
o Manifold Building lﬁlow"ne

|
A" —5)m
[
L2 | - P4
| : Process Piping
| |
| 4
|
|
|
|
I
Process Piping - not regulated by ADEC under icle 1 L— AI 77777777777 !
Regulated Flowline (18 AAC 75.047) Fq:ul!t){(-' !
R, Oil Piping [
Regulated Facility Oil Piping (18 AAC 75.080)
-

Figure 1-3. Typical well pad.

3-Phase Pipeline to
Processing Center

Pig Launcher/
Receiver

5 As defined and regulated by 18 AAC 75.047
6  As defined and regulated by 18 AAC 75.055
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Processing Center

Gravel Pad

Building/Modules

Oil Transmission Pipeline

Pig Launcher/
Retriever

Building/Modules Building/Modules

Flowline

Figure 1-4. Typical crude oil processing center.

1.4 Project Scope
1.4.1 Project Approach

The North Slope Spills Analysis considers the leaks due to loss-of-integrity from crude oil production
on Alaska’s North Slope. For the purposes of this analysis, loss-of-integrity leaks were defined as a
tailure that leads to a reportable spill of any fluids in the production stream, including mechanical
tailures and human errors. This analysis considers the frequency, severity, and causes of North Slope
oil spills by regulatory category, and provides recommendations to the State of Alaska to reduce

the frequency and severity of future spills. An Expert Panel was convened to review the analysis

and provide recommendations about potential risk reduction measures that address the relationship
between causal factors and infrastructure characteristics.

1.4.2 Geographic and Process Flow Scope

The geographic scope of this analysis was contained within the North Slope Region™ and was limited
to oil production infrastructure, which includes wells and associated piping, flowlines, process centers
with their associated piping and above ground storage tanks, and crude oil transmission lines. Pump
7 As defined in 18 AAC 75.495(a)(9)
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Station 1 of the Trans-Alaska Pipeline System (TAPS) and the associated pipeline infrastructure south
to Valdez was specifically excluded from this analysis. Figure 1-1 shows the geographic scope of the
analysis. Figure 1-2 shows the process flow scope of the analysis.

1.4.3 Scope and Limitations of Analysis

The analysis utilized available data from spills reported to the ADEC from North Slope oil production
operators during the period of July 1, 1995 to December 31, 2009. As discussed in Section 2.2, spill
data and supplementary information on cause, location, and infrastructure component was collected
through ADEC files and other publicly available information. North Slope operators provided

review of flowline and oil transmission pipeline spill records. The analysis was limited by quality

and quantity of data availability. The depth and limitations of the data set used in this analysis are
discussed further in Section 2.5.

Since the geographic and infrastructure scope was limited to loss-of-integrity spills from oil
production upstream from TAPS Pump Station 1 on the North Slope, the observations and analysis
may not apply to other infrastructure components or other geographic regions. Also, the scope of the
analysis essentially limited the data set to spills from two operators. While the applicability of this
analysis is limited to a small subset of Alaska’s extensive oil and gas production infrastructure, the
methods applied in this analysis may provide a model for future studies to look at other segments of
this infrastructure, or to make comparisons across infrastructure components or locations.

—— — e ——
— _\_-H--H-H- _::-;f_ _ \@/! 1/> &
e 4 _ —=—=] ';I H a -
- - b g
“ — ) o
< - — - .
B — e P

Grawel Pad

~ W e e S TAPS
i Pump Station #1

et e ~

il b

Figure 1-5. Crude oil transmission pipeline intersection with TAPS Pump Station 1.

Final Report — November 2010 7



NORTH SLOPE SPILLS ANALYSIS

There are many ways to assess and measure risks. The initial methodology proposed to conduct

the Alaska Risk Assessment would have considered potential failure rates for various components

of Alaska’s oil and gas infrastructure and then evaluated the potential consequences from those
tailures to make some comparisons among risks (DoyonEmerald and ABS, 2009). That approach
would have aggregated data from multiple sources to model potential failure rates. In contrast, the
methodology applied in the North Slope Spills Analysis looks at actual failure rates based on past
loss-of-integrity spills and attempts to draw conclusions about system-wide risks based on trends in
past spill occurrences. There are benefits and drawbacks to both approaches. Unlike a traditional

risk assessment, which measures risk as a product of both probability and consequence, the North
Slope Spills Analysis focuses only on probability. In the North Slope Spills Analysis, probability is
calculated based on past occurrences and not on models of potential future events. A strength of

this type of approach is that it reflects actual data from the Alaska North Slope infrastructure, rather
than surrogate data aggregated from other sources. A drawback is that this type of analysis is strictly
backward-looking. There may be other potential causes or sources of loss-of-integrity that have not
occurred in the past but could threaten the system in the future. The North Slope Spills Analysis will
not provide any insight into the types of failures that could occur but have not yet occurred within the
system.

Future studies could build on the North Slope Spills Analysis by conducting a consequence analysis for
the spill trends identified in this report.
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METHODS

2.1  Analysis Design

The key question underlying this analysis was:

Are there identifiable trends in loss-of-integrity spills from crude otl piping infrastructure on the North
Slope that could be used to identify mitigation measures that would prevent future spills?

The State was particularly interested in trends over time, causal factors, spill impacts, spill detection
methods or timing, and infrastructure characteristics (regulatory category and process flow). To
compile a database having sufficient information to provide insight into these questions, the analysis
team compiled data from several sources. These sources are discussed in Section 2.2. Appendix D
contains a copy of the final spill data set of 640 spills, which were the basis of the analysis.

The information collected was compiled and analyzed for those spills resulting from loss-of-integrity.
The analysis of data (Section 3) was presented to an Expert Panel for their review, and based on the
analysis, the Panel provided recommendations (Section 5) to agencies and operators on mitigation
measures to reduce future spills.

2.2 Data Sources and Collection Procedures

Documents and databases primarily available through public records were used to correct data on
spills, oil production, and pipelines. Spill records from the ADEC SPILLS database, records associated
with North Slope oil field spills, the operator’s approved Oil Discharge Prevention and Contingency
Plans (C-Plans),' North Slope Charter Agreement Corrosion Reports, pipeline parameter information
provided by the operators to ADEC, and on-line production statistics maintained by the Alaska Oil &
Gas Conservation Commission (AOGCC) were primary sources used to support this analysis.

Data of interest to this analysis, yet not readily available through public sources included: leak
detection method/time; pipeline parameter data; investigation type; contributing (root) cause analysis;
spill location; and diagrams. This information was compiled, where available, from ADEC spill case
records and queries to North Slope operators.

2.2.1 Alaska Spill Reporting Requirements

The State of Alaska requires that all spills of oil or hydrocarbons to water of any size and spills to
land in excess of 55 gallons must be reported to ADEC as soon as they are detected.” Oil spills to land
in excess of 10 gallons and spills to secondary containment in excess of 55 gallons must be reported

1 Asrequired by 18 AAC 75.425, 18 AAC 75.445, and 18 AAC 75.455.
2  Hazardous materials spills of any size to any receiving area must also be reported as soon as they are detected.
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within 48 hours of detection.” These requirements set the basis for collecting information that can be
converted to data on oil and hazardous substance spills.

The ADEC reporting requirements for oil spills include both an initial and a final report. Initial
reports provide information on the party reporting the spill, the date/time, the location source and
preliminary cause, product type and amount spilled, area impacted, cleanup and disposal methods, and
other relevant information or comments. In addition to the initial spill reporting information collected
by ADEC at intake, the Responsible Party (spiller) must submit a final incident report* within 15 days
after the cleanup is completed, or if no cleanup occurs, within 15 days after the discharge. The final
report must contain the following information:

* Date/time of the discharge or release;
* Location of the discharge or release;
* Name of the facility or operation;

* Name, mailing address, and telephone number of each responsible person, and the owner and
the operator of the facility or operations;

* Type and amount of each hazardous substance discharged or released;
* Factors that caused or contributed to the discharge or release;

* A description of any environmental eftects of the discharge or release, or the containment
and cleanup, to the extent those effects can be identitied;

* A description of the containment and cleanup action taken;
e The estimated amount of hazardous substance cleaned up, and hazardous waste generated;

* The date and method of disposal or treatment of the hazardous substance, contaminated
equipment, materials soil and water;

* A description of actions being taken to prevent another discharge or release; and,

e Other information that the department requires to fully assess the cause and impact of the
discharge or release, including any sampling reports and a description and estimate of any
remaining contamination.

2.2.2 ADEC SPILLS Database

The information collected through both initial and final reports on all spills meeting the reporting
thresholds is compiled in the SPILLS database, which is managed by ADEC. This database was the
source of the initial data set used in this analysis.

The ADEC SPILLS database was originally launched July 1, 1995 with the goal of electronically
managing information about oil and hazardous substance releases on a statewide basis. Oil and
hazardous substance spill reports/notifications are received by the ADEC Area Response Teams
from the responsible party or complainant by telephone or facsimile (ADEC 2003). The report is then
entered into the database by ADEC staff. Spill records are loaded into a web application for browsing
and editing by individual spill upon user request.’

3 The general requirements for reporting spills to the ADEC are found in Alaska Statute (AS 46.03.755, AS 46.03.745 and AS
46.09.010) and regulations (18 AAC 75.300).

4 18 AAC 75.300(e)

5  The SPILLS database can be queried online through the following link: http://www.dec.state.ak.us/spar/perp/search/search.asp
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Data from the SPILLS database is used by ADEC for program management, budgeting and
performance measures, spill planning and prevention, responding to public information requests,
gauging the effectiveness of regulatory programs, and identitying the need for new or strengthened
prevention measures.

2.2.3 Alaska Oil Discharge Prevention and Contingency Plans

The ADEC Industry Preparedness Program maintains an Oil Discharge Prevention and Contingency
Plan (C-Plan) database, which is linked to the ADEC SPILLS database, so that spill data can be
analyzed for facilities regulated by the State of Alaska (ADEC 2007).

Within the C-Plans themselves, operators report additional information about discharge history

and prevention programs. The owner or operator of a facility is required to maintain, for the life

of the facility or operation, a history of known oil discharges over 55-gallons® within the state.
Information includes the source, cause, amount, and corrective action taken. Although this information
is not captured in the SPILLS database, the Operator’s C-plans themselves were reviewed for spills
considered in this analysis. Table 2-1 lists these C-Plans, which were used to gather and validate
relevant data associated with in-scope oil spills for each facility.

Table 2-1. List of Alaska C-Plans reviewed for this analysis.

C-Plan holder Plan Title Expiration Date
BP Greater Prudhoe Bay Production June 27, 2012
BP Northstar Production June 28, 2012
BP Endicott-Badami Production May 22, 2012
BP Milne Point Production April 20, 2012
CcpP Alpine Production April 29, 2013
CP Kuparuk Production May 2, 2013

In addition to the oil spill information, each C-Plan contains facility diagrams which were used

to identify where a spill occurred within the production unit and to assign the case to its proper
regulatory category. The facility diagrams were also used for developing a geospatial depiction of spill
locations.

2.2.4 Industry Corrosion Reports

The Charter for Development of the Alaskan North Slope (Charter), signed on December 2, 1999,

is an agreement between the State of Alaska, BP Exploration (Alaska) Inc., and ARCO, which led

the State of Alaska to support a merger between BP and ARCO. The Charter is the first antitrust
agreement in the U.S. to include environmental provisions. The ADEC is charged with managing

and overseeing the environmental provisions described under sections II.A and II.B of the Charter
agreement (ADEC 2010a http://www.dec.state.ak.us/spar/ipp/docs/Charter%20Agreement.pdf, April
2010). The key environmental provision that provided information for this analysis was associated with
state oversight of industry’s pipeline corrosion monitoring and structural integrity program on the
North Slope. Specifically, Section II.A.6 of the Charter Agreement states:

BP and ARCO will, in consultation with ADEC, develop a performance management program for the
regular review of BP and ARCO’s corrosion monitoring and related practices for non-common carrier

6 18 AAC 75.020(d)
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North Slope prpelines operated by BP or ARCO. This program will include meet and confer work sessions
between BP, ARCO and ADEC, scheduled on average twice per year, reports by BP and ARCO of their
current and projected monitoring, maintenance and inspection practices to assess and to remedy potential or
actual corrosion and other structural concerns related to these lines, and ongoing consultation with ADEC
regarding environmental control technologies and management practices.

For the past ten years, the North Slope operators have submitted Corrosion Reports to ADEC. All of
these reports have been posted on the Internet for public access and were used during this analysis to
validate data obtained from the ADEC spill case files and C-Plans.

2.2.5 Production Statistics

The AOGCC maintains monthly production reports for each active oil field in Alaska. These reports
are available online and they include data on the amount of: crude oil, produced water, and natural gas
production summarized by oil field and production pool. Archived data is also available upon request
to AOGCC. Production data was collected from AOGCC for the study period of July 1, 1995 to
December 31, 2009. The data was used in an attempt to look for trends regarding the change over time
in production pool fluids and frequency/cause of oil and produced water spills. This data is presented
in Appendix G.

2.2.6 Supplemental Data from Record Review and Operator Input

Compilation of publicly available data still left many missing data, particularly with respect to leak
detection, pipeline parameters, investigation type, contributing cause, spill location and diagrams.
Because this information was considered to be critical to the analysis, the research team conducted
supplemental data collection from two main sources: review of ADEC spill case files, and operator
validation and input. ADEC maintains hard copy case files for all closed spill investigations, and a
team was dispatched to Fairbanks to review these case files and collect data for this analysis. The
two operators involved in the analysis — BP and CP also provided assistance with data review and
verification by reviewing individual spill records and providing supplemental information where
possible in the timeframe of the research phase of the analysis.

Since information on leak detection was scarce in the publicly available data sources, operators were
asked to provide any information they had about how spills were detected and the timeframe for
detection of scope, flowline and oil transmission pipeline spills.” Data to explain how a leak was
detected (visual, odor, vapor monitoring equipment, leak detection system) and how long the spill was
leaking prior to discovery is not routinely captured or collected in the ADEC SPILLS database or case
files.

Pipeline parameter data, including the type, age, location, characteristics (coating, insulation), in-line
inspection (smart pigging) frequency and history, were also of interest to this analysis. Understanding
the age of pipeline at failure, location of pipeline (above grade, below grade) and type of failure was
key for developing eftective mitigation measures. Some pipeline parameter data provided by operators
was obtained from ADEC, specifically data submitted under the state requirements governing flowlines
at production facilities.® Additional information was collected by reviewing ADEC case files, corrosion
reports and C-Plans. The operators were also asked to provide the pipeline parameter information for
in-scope flowline and oil transmission pipelines, as part of the data collection effort.

-

7 Note that state regulations requiring leak detection technologies apply only to crude oil transmission pipelines, per 18 AAC 75.055.
8 18 AAC 75.047.
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Although the ADEC SPILLS database includes a required data entry for spill location, this business
rule didn’t go into eftect until 2006.° Spill location data for spills pre-dating this requirement was
wealk; yet, identifying the geographic location of spills was an important component of this analysis.
Spill location data was collected by reviewing case files and through inquiries to the operators to
determine whether a pipe and instrument diagram and process flow diagram existed for the pipeline
involved. When possible, the operators provided additional data or validated the location during their
review period.

Spill investigation information was also gathered primarily from operators. Spill investigations are not
conducted by the agencies for all events, and the decision to conduct an investigation is typically driven
by the magnitude of an incident and its environmental impact. To develop more information about
when investigations have historically been conducted, operators were asked whether an investigation
was conducted for each spill, the type of investigation (internal, joint with agency, agency or 3™
party), and the primary and contributing causes of failure. Some information on spill investigations
was also collected from the ADEC case files, C-Plan spill history, or the corrosion reports. Operators
were also asked to validate this information.

Spills that occurred before 1995 were not captured in the SPILLS database. Information on spills
from 1971 through 1995 was compiled through historical spill records housed in the ADEC Fairbanks
Office. Data from spills that predate 1995 were not included in the analysis in Section 4.

2.3 Compilation and Sorting of Data for Analysis

2.3.1 North Slope Spills Database Design and Management

The initial data set utilized for this study was an export from the ADEC SPILLS database with spill
case information for 6,059 spill cases from the North Slope oil fields. This initial data set included all
spills between July 1995 and December 2009, all spill substance types and all sources. Additionally,
the ADEC Northern Regional Office provided another data set, with data for spills occurring between
1971 and 1995. This data set included over 10,000 spill cases of all substance types and sources that
occurred prior to the establishment of the SPILLS database.

In order to effectively manage the effort of compiling, validating and manipulating the spill data, a
data management system was created to facilitate easy, on-screen review, editing and initial analysis. A
Microsoft Access 2007 database, referred to in this analysis as the North Slope Spills (NSS) database,
was developed as the central repository for all spill case data. Compiling and formatting the data in
this manner enabled rapid query and report generation, expanded search and editing capability, and
tacilitated quality control review and revision capacity that was critical to support accurate data entry,
tracking, transmission and sharing.

To retain the integrity of the initial data provided from the ADEC SPILLS database, additional fields
were built into the NSS database to enable expansion of information associated with each case file as
the result of review, analysis, research, and operator review. The original ADEC data fields were not
modified, but they were supplemented as additional information was compiled. Appendix B contains
screen shots of data entry fields from the NSS database.

2.3.2 Spill Case Review and Assessment

A team of subject matter experts was assembled to review the initial data set and structure in order to

9  Personal communication with ADEC-PERP Spill Database Manager, June 9, 2010.
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assess the quality of information available for each case. The 6,059 cases from the SPILLS database
export were then sorted and only cases that involved the release of crude oil and/or produced water
(e.g. process water, seawater, etc.) were kept.'” This reduced the total spill population to 1,153 cases.

Because the SPILLS database could not be used to determine if" the spill was a result of loss-of-
integrity, a systematic review of the 1,153 spill case files was undertaken to narrow the data. Sections
2.3.3 through 2.3.5 describe the 3-step process used to make these determinations.

2.3.3 Initial Review for Loss-of-Integrity and Regulatory Categorization

The first step in narrowing the spill case files for further analysis was an initial determination as to
whether the case was considered a loss-of-integrity spill. Cases were considered out of scope it they
met any of the following conditions:

* The spill case did not come from the oil production train; or
* The pipeline was out of service at the time of the spill; or

* The spill originated from something other than the oil production infrastructure (such as
drilling or workover operations, vehicles, portable tanks, etc).

The second step was to assign the case to a regulatory category. The regulatory categories and
subcategories used are described in Table 2-2. Subcategories are not based in regulation but were
derived based on the service of the facility/pipeline where the spill occurred. Figures 1-2 through 1-5
show how these categories apply to various infrastructure components.

Table 2-2. Pipeline regulatory categories and subcategories™.

Regulatory Category Subcategory Regulation

Wells No subcategory AOGCC—-20 AAC 25

Facility Oil Piping Well pad/drill site 18 AAC 75.080, 18 AAC
Processing Center, module to oil storage tank 75.990(171)

Flow Line Cross-Country 3-Phase pipeline 18 AAC 75.047, 18 AAC
Produced Water pipeline 75.990(173)
Operational activities, such as pigging

Oil Transmission Pipeline Cross-country crude oil pipeline 18 AAC 75.055, 18 AAC
Operational activities, such as pigging 75.990(134)

Above Ground Oil Storage Tank No subcategory 18 AAC 75.065, 75.990(165)

Process Piping Not regulated by Manifold building (interconnection) N/A

State Processing center (interconnection)

Seawater pipeline
Natural gas pipeline

Additionally during this initial review, information on environmental impact, corrective actions, and
general comments and notes were added to each spill case as appropriate, based on the spill discharge
histories reported in the C-Plans. Similarly, the North Slope Charter Agreement Corrosion Reports

10 The only products of the North Slope oil production are crude oil, produced water, and natural gas. Any other substance spilled
would not have resulted from the loss-of-integrity of the system.

11 Regulatory Categories as defined by the Alaska Administrative Code (AAC) and the Alaska Oil and Gas Conservation Commission
(AOGCC) regulations, and through collaboration with Alaska Department of Environmental Conservation (ADEC) staff subject matter
experts.
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(2000 to 2009) from BP, ConocoPhillips (CP), and Coffman (ADEC 2010b, http://www.dec.state.ak.us/
spar/ipp/corrosion/index.htm, April 2010) were reviewed and applicable spill case information was

added to the database. This effort also resulted in the identification of additional spill cases that were
noted in the corrosion reports but were not initially identified from review of the ADEC SPILLS
database and spill case information.

2.3.4 Spill Case Research Team Review

The analysis design focused on flowlines and oil transmission pipelines because each of these
categories have had some major spills in the past years and these cross-country pipelines present the
largest threat to sensitive habitat. The outcome was a flowline and oil transmission pipeline case
population that totaled 103 spill cases. A spill case research team examined all available documentation
for the flowline and oil transmission pipeline spill cases to extract as much information as possible
about immediate and contributing causes. Reference materials utilized for causal investigation review
were: spill summary reports generated from the NSS database; ADEC Situation Reports; Incident
Investigation Reports, Operator C-Plans; oil field histories; BP and CP corrosion reports from 2000 to
2009; Coftman corrosion reports from 2000 to 2004; and physical case files.

The causal investigation reviewers utilized the resources listed above to:

* Validate regulatory categorization and correlating sub-categorization;
* Determine the immediate and contributing causal factors;

* Assess the extent of environmental impact;

* Review the types of corrective actions discussed and implemented; and

* Capture any available pipeline design and operating parameters (e.g. nominal wall thickness,
outside diameter, installation date, throughput, maximum allowable operating pressure, etc.).

The availability and quality of data noted during this case-by-case review varied greatly based on the
level of detail captured in each case file and the amount of information contained in the corresponding
resources reviewed.

2.3.5 Operator Validation

The third and final step in the spill case review process included the engagement of' the North Slope
pipeline operators, BP and CP, to validate the information compiled for cases from each facility.
Operator validation solidified the regulatory category assignments, refined the scope of cases included
in the flowline and oil transmission pipeline case population, and expanded upon the data available for
most cases.'”” The level of detail and ultimately the availability of additional investigative information
varied significantly between spill cases and between operators. Some sizable information gaps in
pipeline design and operating parameters remain.

At the conclusion of operator review, the total case population that was established for further analysis
and presentation to the Expert Panel for review totaled 80 spill cases, which include 71 flowline cases,
and 9 oil transmission pipeline (OTP) cases. Figure 2-1 shows how the spill cases were narrowed down
through the various levels of review and investigation.

12 Operator Review and Validation of the Flow Line and Oil Transmission Pipeline spill cases totaled 75 of 80 cases (94%).
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ALL OIL FIELD SPILLS (July 1, 1995 through January 2010)
Total Distinct Cases: 6,059

Crude Oil & Produced Water 5pill Cases
Total Cases: 1153

Crude & PW 5pill Cases In Scope
Total Cases: 640

Flow Line & Qil Transmission Pipeline Cases

Total Cases. 80

Flowline Cases

Qil Transmission Pipeline Cases

Total Cases: 9

BPXA Conaco Phillips BPEA Conoco Phillips

Total Cases: 39 Total Cases: 4 Total Cases: 5

Operator Reviewed Operator Reviewed

Tatal Cases: b6 Percent Complete: 53% Total Cases: 8

Figure 2-1. North Slope spill data set reduction.

2.4 Geospatial Referencing

To facilitate mapping and geospatial analysis of the North Slope Spills data, a geospatial database was
developed for the infrastructure catalogue (See Appendix C) and the final subset of 640 spills were
geo-tagged. The goal of geospatially referencing this information was to:

* Identify and map the North Slope crude oil pipeline infrastructure by creating a data set that
could be displayed and manipulated in either a Google Earth or Arc GIS application;

* Associate, to the extent possible, every spill with a specific geospatial location; and
* Provide a geospatial tag for every specific pipeline route.

The specific parameters sought for the geospatial data included oil field, regulatory category, service,
starting point, ending point, pipeline length, nominal wall thickness, outside diameter, yield strength,
grade, installation date, throughput, and maximum allowable operating pressure.

The geospatial data were used to tag spills to facilities and pipelines. Google Earth was used to display
this data, which can be viewed by regulatory category and sub-category, facility type, and spill number.
The user can evaluate the specifics of any spill by clicking on the icon representing it.

2.5 Data Quality

2.5.1 Quality Assurance and Control

Given the size and complexity of the data set and data-gathering process, substantial quality
assurance/quality control (QA/QC) procedures were established to protect the integrity of the data

16 Final Report — November 2010



Section 2: Methods

and the database. Table 2-3 summarizes the QA/QC process as it was applied to the data compilation

and sorting process described in Section 2.3.

Table 2-3. Quality assurance/quality control procedures.

QA/QC Procedure Result

Database Manager
Oversight

A single database manager was assigned to oversee all interactions with the database. The
North Slope Spills database manager provided daily oversight and accuracy of data entry
evaluation for all information entered into the database.

Data Entry Oversight

When it was required that multiple people work in the database, a schedule (4 hour time
blocks) was created among team members to input case file information into the database.

At the conclusion of each time period, the respective team member would upload the latest
version of the database to an FTP site and notify the next user of the updated database
availability. This process ensured that all data entry persons were working in the most current
database. The Database Manager oversaw compliance with this policy.

Regulatory Category
and In Scope/Out of
Scope Assessment

In an effort to validate the initial regulatory category assignments and determinations of loss-
of-integrity, a random sampling of cases was taken to assess the accuracy of these assignments.
This approach proved very effective in recognizing, early in the project, a high error rate in
initial categorization that enabled the data collection team to adapt and adjust their approach
to include additional cases for location and review.

Data Collection Forms
(DCFs)

DCFs*® and Spill Summary Reports were provided to the Causal Research Team members as
a starting point for their investigative efforts. DCFs served to standardize the information
collection and organization process, and facilitated entry into the NSS database.

DCF Entry

The Database Manager was the sole point of entry for all DCFs into the North Slope Spills
database.

Operator Validation

The Industry / Operator Validation actually served as an inherent means of QA/QC as both BP
and CP reviewed the accuracy of data in each DCF.

Final Causal
Investigative Team
Review

Upon receipt of the operator validated DCFs, the appropriate causal research team member
would again review the data for clarity, agreement with regulatory categorization, and
completeness.

Review of all in scope
cases

All in scope cases were reviewed by at least two reviewers, multiple times through the data
entry and data addition/revision process.

2.5.2 Data Completeness

The ADEC SPILLS database is used to manage statewide oil and hazardous substance spill
information, analyze data to identify spill trends and provide ADEC staft with information relevant

to their caseload management. As with any database, the accuracy and completeness of reported

information resides with the initial and follow-on data entry by ADEC staff. Business rules have been

implemented to ensure core data is entered into the database, but it became apparent during the review
process that spill case records were often times inaccurate and/or incomplete.

Since the SPILLS database was designed to accommodate all reported discharges, broad categories
for facility category, types and sub-types were established. The sub-types for onshore and oftshore oil
production were limited to flowlines, crude oil transmission pipelines and field processing. The current

sub-types and definitions do not directly match the regulatory definitions and as a result multiple

reviews of the case files were required to determine whether a spill case was in scope or out of scope,

and which regulatory category should be assigned to the case. Due to the lack of information in some

case files, best professional judgment of the reviewers was used to make these determinations.

18 See example in Appendix B.
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This same approach exists for cause type, although 32 cause identifications have been created in

the SPILLS database. The SPILLS database identifies immediate (proximate) cause only and does

not include any means for collecting and categorizing information related to contributing causes.
Contributing causes are those factors that contributed or led to the immediate cause and are sometimes
referred to as “root cause.”

North Slope spill case files are retained at the ADEC Fairbanks office. The case files are well organized,
allowing for easy retrieval and review of information. Relevant documents were scanned to establish
electronic case file review. While reviewing case files, it became apparent that many of the cases were
closed out by ADEC staff before all of the basic information had been compiled, and in many cases
final report forms required under 18 AAC 75.300(e) were not included in the case file. Attempts were
made by the analysis team to collect basic data from other documents listed in Section 2.2 of this
report to fill the data gap. For those cases where additional data could not be found, best professional
Jjudgment was used by the researcher to determine whether the case was in-scope or out-of-scope for
this analysis.

Figure 2-2 represents a Completeness Matrix'* used to track missing data for each flowline and oil
transmission pipeline case. Information that is not routinely collected by ADEC during the time of a
spill and entered into the SPILLS database or captured as case documentation includes: leak detection
method and time to discovery; spill location-pipe and instrument diagrams, process flow diagrams;
pipeline pigging history and contributing causes associated with the incident. On average, after all the
relevant spill case sources noted previously were reviewed, and appropriate information entered into
the NSS database, data completeness reached 53%.

SRill Bane 100%
Immediate Cause
G-t a . _____________________ '
Riiewied by o a1 e 5%
Pipcling Pigged 4%
Soquare Foob |rmpsect e E— S |
L Bt baticn Dt .
Pipeline Diarmeter I
Mominal Wall Thickness . 7 T %
Pipelinae v . 7 1
Fipelirss Insulation Type . T L
Pipefne Yiekd Strengti S
Tortal Line Length /S
Type of Casue irnaestigation .
Max Allowable Operating Pressure I =07
Contributing Coutc N
Leak Detection I
Spill Location latflon I 40
Frequency of Pigging I — 1
Date of Last Pigging 1
Pagped prioe lo incident IG5
Type of Pigging G L%
Throughput )%
Hirey Lang Liaking I i,
Spal Location PRID N o4
Joint Imvestigation TN 4%
Spill Location PFD W 1%
Bleasure of 'Wall Loss ot e of Spill B 18

[ 0%, A0, L] RO, 100

Figure 2-2. Data completeness prior to analysis.

14 The principal pipeline design and operating parameter data was largely complete (~83% complete on average through the pipeline
length data column) on June 4, 2010.
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2.6 Expert Panel

An Expert Panel was convened to provide independent review and analysis of the North Slope spills.
Panel members were selected based on their demonstrated knowledge in one or more of the following
areas:

* General knowledge of crude oil production operations and measures used to inspect for aging
conditions, detect leaks, and prevent leaks and spills;
*  Knowledge of loss-of-integrity root cause investigations and common cause analysis; and

* Knowledge of analysis of leak data and general engineering practices

The charge of' the Expert Panel was to provide recommendations on measures, programs, and
practices to monitor and address common causes of failures identified in the analysis of spill data. The
Expert Panel operated under a charter and met four times during the life of the project. The Expert
Panel developed the recommendations presented in Section 4 of this report.

Biographies for the Expert Panel members as well as copies of their Charter and Operating Protocols
are included in Appendix E.
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ANALYSIS

This analysis section is accompanied by Appendix H, which presents the details of the statistical test
that were used to draw the conclusions presented in this section. As noted by others (Maxim and
Niebo 2001), the analysis of oil spill data is challenged by the fact that there are often many small
spills and a very few large spills. Statistical analysis shows this to be a highly non-normal distribution
(Appendix H1). This non-normal distribution of spill volumes makes many summary statistics, such
as the average volume spilled, nearly meaningless." Where the average volume is reported, the reader
should consider that the average does not represent either a typical or probable spill. The average
number of spills is a more meaningful statistic. Where possible, data are presented in graphical form
to illustrate distributions and relationships in the data.

One example of the dominance of the large spills is shown in Figure 3-1. The top chart is percentage
of spill count and total volume by regulatory category across the entire data set. The bottom chart
presents the same data, excluding the two largest (200,000+ gallon) spills that occurred in 2006. The
exclusion of these largest spills presents a very different graph. While these two spills represent
outliers, they are included in the analysis because they represent the type of spill that the State of
Alaska is trying to understand and avoid.

The North Slope spill data analysis is organized by first examining combined data from all loss-of-
integrity spills, then examining spills by regulatory category, and finally by primary cause of failure.
In each analysis the frequency of spills, total volume, spill size class, primary cause of failure, temporal
trends, and spatial trends are considered. Other sections of the analysis consider leak rates, age of
pipeline at failure, leak detection, and impacts. All spill volumes are reported in gallons.

The analysis presented in this section considers whether the frequency and severity of loss-of-
integrity spills from North Slope oil and gas operations is increasing over time, by looking for trends
in the number and total volume of reported spills.

3.1 Analysis of Combined Loss-of-Integrity Spill Data

Six hundred forty (640) loss-of-integrity spills were reported during the analysis time period from
July 1, 1995 through December 31, 2009. Table 3-1 presents the number and total volume spilled each
year. The average spill frequency was 44 loss-of-integrity spills per year. The total volume of crude
oil and produced water spilled was 1,200,792 gallons. Spill sizes ranged from less than one gallon to
241,038 gallons. Overall, the average spill volume was 1,915 gallons with a large standard deviation
of 14,746. Statistical analysis could not distinguish significant differences in spill sizes between oil

1 Consider the arbitrary case where there are 99 spills of 10 gallons and one spill of 10,000 gallons. The average spill size is 109.9,
but this says very little about the typical spill size or the probable spill size.
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fields, therefore all oil fields were considered together when examining number and volume data
(Appendix H2). Oil fields are compared in Section 3-4 on leak rates.

All Spill Cases
Percentage Number and Volume
n=640
40.0%
350%
30.0%
25.0%
2000% -
&% Number
% Volume
150%
10.0%
5.0%
00w ~— T ——— —— e e —
Facility Od Piping Flomdine Od Transmission Process Piping Storage Tank well
Fipeline
All Spill Cases Except Two Largest Spills
Percentage Number and Volume
n=638
A0.0%
IB0%
I.oE
25.0%
F0.0%7 B % Nurmber
E % Volume
15.0%
10.0%
S0%
e = —_— | e
Facility 06l Piping Flowline Oill Transmission Process Piping Storage Tank Well
Fpeling

Figure 3-1. Percentage of spill number and total volume of loss-of-integrity spills from the North Slope oil
production infrastructure by regulatory category with and without the two largest spills.
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Table 3-1. Number and total volume (gallons) of loss-of-integrity spills reported from North Slope oil
operations across all fields and regulatory categories.

Year Number of Spills Total Volume (gallons)
1995 21 14,944
1996 51 26,843
1997 46 18,098
1998 52 87,506
1999 35 16,642
2000 41 12,577
2001 40 105,071
2002 40 33,158
2003 50 24,452
2004 45 42,493
2005 44 62,179
2006 55 469,311
2007 35 54,583
2008 47 162,522
2009 38 70,412
Grand Total 640 1,200,791

Figure 3-2 depicts the number per year of loss-of-integrity spills across all oil fields and all regulatory
categories.” Statistical analysis shows that the number of loss-of-integrity spills across all North Slope
oil infrastructure shows no significant trend over the analysis time period. Figure 8-3 depicts numbers
of spills greater than 1,000 gallons plotted by year. The average number of spills greater than 1,000
is 4.8 spills per year. Even when considering just the 70 largest spills (> 1,000 gallons), the number of
spills shows no significant trend over the analysis time period (Appendix H2).

All Loss-of-Integrity Spills + Number
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Figure 3-2. Annual number of spills for all regulatory categories loss-of-integrity spills reported by North
Slope oil and gas operators across all years.

2 Note that the spills from the partial year 1995 are not included when plotting spills across time; therefore, the starting number is
619, because the 21 spills from the partial year 1995 have been removed.
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Figure 3-3. Annual number of spills for loss-of-integrity spills =2 1,000 gallons reported by North Slope oil
and gas operators across all years.

Figure 8-4 depicts a bar graph of total spill volume by year with an overlaid scatter plot of actual spill
events plotted over the same time period. Note that the two largest spill events occurred in 2006 and
8 of the 12 spills greater than 10,000 gallons occurred in the years 2004 to 2009. This graph shows
evidence of a trend of increasing spill quantity over the analysis time period. However, this trend is
dependent on the two spills in 2006 and statistical tests are inconclusive in determining whether spill
volume is increasing over time.

Loss-of-Integrity Spills All Regulatory Categories
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Figure 3-4. Bar graph of total spill volume (gallons) by year and scatter plot of actual spill events, all
North Slope loss-of-integrity spills.
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Examining reported spills by size class helps with understanding the severity of spills. Table 3-2
presents the number and total volume of spills by spill size category. Figure 3-5 depicts the same data,
which shows again that a few large spills account for the vast majority of the total volume spilled.

The two spills over 100,000 gallons are just 0.3% of the total number of spills, but account for 38%

of the total volume spilled. The 13 spills greater than 10,000 gallons represent 2% of the number of
spills, but account for 80% of the total volume spilled. The details of these 13 spills are contained in
Appendix D1.

Table 3-2. Percentage of total volume (gallons) of loss-of-integrity spills reported by size class from North
Slope oil operations across all fields and regulatory categories

Size Class <10 210-<100 21,000 - 210,000 - 2 100,000 Total
(gallons) < 10,000 < 100,000
Number 216 201 153 57 11 2 640
Percent 33.8% 31.4% 23.9% 8.9% 1.7% 0.3%
Volume (gallons) 648 7,377 47,059 181,613 510,805 453,290 1,200,791
Percent 0.1% 0.6% 3.9% 15.1% 42.5% 37.7%
All Spill Cases
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Figure 3-5. Percentage of number and total volume (gallons) of spill cases from loss-of-integrity spills by
size class.

Table 3-3 presents the number and total volume by year of the 70 largest spills (= 1,000 gallons). The
70 spills greater than 1,000 gallons represent 11% of the number of spills, but account for 95% ot the
total volume spilled. A relatively small number of large spills are by far the greatest contributors to
total spill volume (Appendix H1).
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Table 3-3. Number and total volume (gallons) of loss-of-integrity spills greater than 1,000 gallons reported
from North Slope oil operations across all fields and regulatory categories.

Year Number of Spills Total Volume (gallons)
1995 2 13,860
1996 4 22,933
1997 7 14,364
1998 8 83,680
1999 3 14,034
2000 3 9,754
2001 4 101,604
2002 6 29,629
2003 5 22,592
2004 5 38,380
2005 3 57,058
2006 6 461,502
2007 5 49,935
2008 3 157,806
2009 6 68,577
Grand Total 70 1,145,708

Table 3-4 presents the primary cause of three spill sets from the loss-of-integrity spills where cause
was recorded. The first set contains all spill cases, the second set contains spill cases greater than or
equal to 1,000 gallons, and the third set contains spill cases greater than or equal to 10,000 gallons.
Figure 3-6 depicts the relative contribution of” selected primary causes to each set of spill sizes.’ The
relative contribution of valve/seal failures and operator error decreases as spill size increases and the
relative contribution of failures due to internal corrosion increases as spill size increases. Statistical
analysis shows that spill size is highly dependent upon cause (Appendix H3). The conclusion drawn
from this analysis is that valve/seal failure is the most frequent cause of loss-of-integrity spills overall
and internal corrosion is the most frequent cause of spills > 10,000 gallons.

Statistical examination of the data for cyclical behavior found strong evidence of periodicity in the
data (Appendix H2). The maximum numbers of spills occur in June. One possible explanation of this
is that more spills are discovered in June because of longer daylight hours and a decrease in obscuring
snow and ice results in a higher rate of spill discovery.

Figure 3-7 maps the distribution of all loss-of-integrity spills across the North Slope.

Taken together, loss-of-integrity spills across all regulatory categories and oil fields do not exhibit an
increase in the number or severity of spills over time.

3 Spills where causal data was not available are excluded from this graph. Note that “material failure of pipe or weld” was included as a
cause in the NSS database and was one of the leading contributing causes in initial analysis of the data; however, based on Expert Panel
review and discussion, material failure was ignored for causal analysis since this cause category is too vague to provide any meaning-

ful information. For example, corrosion, erosion, and thermal expansion are all types of material failure. Spills due to corrosion, but
unknown as to internal or external were also excluded from this graph.
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Table 3-4. Primary cause of three-spill size sets for loss-of-integrity spills reported from North Slope oil
operations across all fields and regulatory categories.*
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All Cases All Cases 2 1,000 gallons  All Cases = 10,000
n=501 n=59 gallons n=10
Primary Cause Number % Number % Number %

Valve/Seal Failure 249 40.0% 20 23.0% 2 11.1%
Operator Error 84 13.5% 5 5.7% 0 0.0%
Internal Corrosion 54 8.7% 12 13.8% 6 33.3%
Thermal Expansion 39 6.3% 5 5.7% 1 5.6%
External Corrosion 25 4.0% 9 10.3% 1 5.6%
Overpressure 24 3.9% 2 2.3% 1 5.6%
Erosion 20 3.2% 4 4.6% 0 0.0%
Construction, Installation or 11 1.8% 2 2.3% 0 0.0%
Fabrication Related
Vibration (wind-induced/slugging) 5 0.8% 2.3% 0 0.0%
3rd Party Action 0.2% 0.0% 0 0.0%
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Figure 3-6. Primary cause of failure assigned to three sets of spill size classes from loss-of-integrity
spills reported by North Slope oil and gas operators during the study period.

3.2  Analysis of Spill Data by Regulatory Category

The six regulatory categories used for this analysis are defined in Table 2-2 (page 16). All spill cases
were assigned to the appropriate regulatory category based on a review of the final spill report and the
researcher’s best professional judgment. Additionally, spill cases associated with the flowlines and oil

transmission pipeline categories were reviewed by the oil operator with responsibility for the case.

4 Note that n is the number of spill cases. Some cases have more than one primary cause, so the number of cause assignment exceeds

the number of cases.
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Table 3-5 presents the number and total volume of 640 loss-of-integrity spills by regulatory category.
Figure 3-8 depicts the percentage number and percentage total volume spilled by regulatory category.
Figure 3-9 depicts the distribution of number of spills by year by regulatory category. Trends across
time are discussed in Sections 3.2.1 through 3.2.6.

Table 3-5. Number of spills and total volume (gallons) released by regulatory category for North Slope
loss-of-integrity spills.

Regulatory Category Number of Spills Total Volume (gallons)
Storage Tank 10 247,137
Oil Transmission Pipeline 9 217,439
Flowline 71 267,102
Facility Oil Piping 240 246,132
Process Piping 202 156,345
Well 108 66,638
Grand Total 640 1,200,792
All Spill Cases
Percentage Number and Volume
n=640
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Figure 3-8. Percentage of number and total volume (gallons) of spill cases from loss-of-integrity spills by
regulatory category.
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Figure 3-9. Number of loss-of-integrity spills reported by North Slope oil and gas operators by year by
regulatory category.

3.2.1 Flowlines

Flowlines account for the most mileage of pipelines on the North Slope, with 878 pipelines extending
over 800 pipeline miles. These lines range from 6” to 36” in diameter. Figure 3-10 maps the
distribution of flowline loss-of-integrity spills across the North Slope. A total of 71 loss-of-integrity
flowline spills were identified during the study period. There were an average of 4.9 spills per year.
Flowlines were the largest contributor (22%) to the total volume spilled during the study. A total
volume of 267,102 gallons was spilled in the flowline category.

Flowline spills were further divided by service type into the following sub-categories:

*  Operational spills from three-phase flowlines (8P FL) carrying oil, gas, and produced water;

* Operational spills from produced water flowlines (PW FL) carrying produced water or
seawater; and

* Maintenance activity spills for either three-phase or produced water flowlines, usually related
to pigging activities.

Table 3-6 presents the annual number of spills and total volume for each of these categories. Figure
3-11 depicts the percentage of the number and total volume for each of these flowline sub-categories.
These data indicate that nearly halt’ (35) of the flowline spills are related to maintenance activities but
these maintenance spills account for less than 10% of the total volume spilled. Two spills from the
produced water flowline category account for 58% of the total volume of flowline spills. Statistical
analysis demonstrates that the number of spills are significantly different between these three sub-
categories (Appendix H4.1).
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Table 3-6. Number of spills and total volume (gallons) released by flowline subcategory by year for North
Slope flowline loss-of-integrity spills.

MAINTENANCE ACTIVITY THREE PHASE PRODUCED WATER
Number of  Total Volume Numberof Total Volume Numberof Total Volume
Spills (gallons) Spills (gallons) Spills (gallons)
1995 2 549 1 25 0 0
1996 2 8,946 4 78 2 2,271
1997 5 5,511 3 2,009 0 0
1998 3 2,186 0 0 2 73,500
1999 8 2,603 0 0 1 6,300
2000 2 650 2 635 0 0
2001 1 2 1 420 1 92,400
2002 2 97 2 970 0 0
2003 2 194 4 6,093 1 5
2004 2 282 2 155 1 5,250
2005 3 1,327 1 16 0 0
2006 2 290 1 700 1 5
2007 1 105 2 5,586 0 0
2008 0 0 1 0 0 0
2009 0 0 3 47,942 3 0
Grand Total 35 22,742 27 64,629 9 179,731
Flowline Sub-Categories
Percentage of Number and Volume
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Figure 3-11. Percentage of the number and total volume (gallons) for three flowline categories:
maintenance activity, three phase, and produced water.
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Because of the sparse data and the similarity of service, the three-phase and produced water data
tflowline spills were combined into a operational flowline spill sub-category and examined separately
from maintenance activity data. The operational flowline spill sub-category includes all spills except
those that occurred during a maintenance activity.

Operational Flowline Spills

Operational flowline leaks are spill cases that were not associated with maintenance activities, such

as pigging. There were 36 operational leaks resulting in a total spill volume of 244,360 gallons.
These spills occurred from 29 specific flowlines: 7 flowlines experienced 2 spills each; 22 flowlines
experienced one leak each, and 349 flowlines did not experience any spills during the study period.
Figure 3-12 depicts operational spills ranked by spill size class. These data reveal that the four spill
cases over 10,000 gallons account for 87% of the total volume spilled and that the 12 cases over 1,000
gallons account for nearly 97% of the total volume. Overall, a few severe spills make up most of the
total volume of operational flowline spills.

Operational Flowline Spills
Percentage of Number and Volume
n=36

e00T% s
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Figure 3-12. Number and volume of operational flowline spills by spill class.

Table 3-7 and Figure 3-13 present the primary cause of failure breakdown of operational flowline
spills. External corrosion was the most common cause attributed to operational flowline leaks (15),
followed by valve/seal failure (8), and thermal expansion (5). Internal corrosion, thermal expansion
and vibration accounted for 3 spills each. Analysis of total volume by cause was not considered
informative because it was dominated by single large spill cases.
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Table 3-7. Primary cause of failure for operational flowline spills.5

OPERATIONAL FLOWLINE SPILLS
n=34

Primary Cause Number

[EEY
(6]

External Corrosion

Valve/Seal Failure

Thermal Expansion

Internal Corrosion

Vibration (wind-induced/slugging)

Overpressure

Construction, Installation or Fabrication Related

Operator Error

O|lRr|Rr|W]JW]|lWwW]|uU |0

Erosion

PrimaryCause of Failure
Operational Flowline Spills
n=34

Figure 3-13. Primary cause of failure for operational flowline spills.

Figure 8-14 depicts the number of operational flowline spills by year. The average number of spills
trom this subcategory is 2.5 spills per year. Figure 3-15 depicts a bar graph of total spill volume by
year with an overlaid scatter plot of actual spill events plotted over the same time period. Graphical
analysis of the number of spills and the total volume spilled for operational flowlines indicates no
trend over the analysis time period.

Spills from this subcategory occur at a relatively low frequency, but can have a high severity when they
do occur.

Maintenance Activity Flowline Spills

Maintenance activity flowline spill cases are associated with maintenance activity, such as pigging.
There were 35 maintenance activity flowline leaks resulting in a total spill volume of 22,742 gallons.
Figure 3-16 depicts operational maintenance activity flowline spills assigned by spill size class. These

5 Note that n is the number of spill cases. Some cases have more than one primary cause, so the number of cause assignment exceeds
the number of cases.
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data reveal that there are no spill cases over 10,000 gallons and that the 5 cases over 1,000 gallons

account for over 75% of the total volume. Flowline maintenance activity spills are broadly distributed

across size classes.

Operational Flowlines

Number of Spills per Year —4—Humber
n=36 S
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Figure 3-14. Number of operational flowline loss-of-integrity spills reported by North Slope oil and gas
operators by year with the average across all years.
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Figure 3-15. Bar graph of total spill volume (gallons) by year and scatter plot of actual spill events, all
operational flowline loss-of-integrity spills.
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Maintenance Activity Flowline Spills
Percentage of Number and Volume
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Figure 3-16. Number and volume of maintenance activity flowline spill cases by spill size class.

Table 3-8 and Figure 3-17 present the primary cause breakdown of maintenance activity flowline
spills. Valve/seal failure was by far the greatest cause of spills (25), followed by operator error (5),
internal corrosion (4), and overpressure (3). Material failure, construction defects, and erosion each
had 1 spill.

Table 3-8. Primary cause of failure for maintenance activity flowline spills.®

MAINTENANCE ACTIVITY FLOWLINE SPILLS
n=34

Primary Cause Number

N
(6, ]

Valve/Seal Failure

Operator Error

Internal Corrosion

Overpressure

Erosion

Construction, Installation or Fabrication Related

External Corrosion

Thermal Expansion

Vibration (wind-induced/slugging)
3rd Party Action

||| |Rr|RP|JW|>|WU

6 Note that n is the number of spill cases. Some cases have more than one primary cause, so the number of cause assignment exceeds
the number of  cases.

34 Final Report — November 2010



Section 3: Analysis

Primary Cause of Failure
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Figure 3-17. Primary cause of failure for maintenance activity flowline spills.

Figure 3-18 depicts the number of maintenance activity flowline spills by year. The average number

of spills from this sub-category is 2.4 spills per year. Figure 3-19 depicts a bar graph of total spill

volume by year with an overlaid scatter plot of actual spill events plotted over the same time period.

Graphical analysis of the number of spills and the total volume spilled for maintenance activity
flowlines indicates a downward trend over the analysis time period. This subcategory has contributed
little to the frequency or severity of spills during the past five years of the study period.

Maintenance Activity Flowline
Number of Spills
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Figure 3-18. Average number of maintenance activity flowline loss-of-integrity spills reported by North
Slope oil and gas operators by year with the trend line across all years.
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Maintenance Activity Flowline Spills
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Figure 3-19. Bar graph of total spill volume (gallons) by year and scatter plot of actual spill events, all
maintenance activity flowline loss-of-integrity spills.

3.2.2 Oil Transmission Pipelines

There are 16 oil transmission pipelines extending over 177 pipeline miles on the North Slope. These
lines range from 6” to 84” in diameter. Figure 3-20 maps the distribution of oil transmission pipeline
loss-of-integrity spills across the North Slope. A total of 9 loss-of-integrity oil transmission pipeline
spills were identified during the analysis time period resulting in a total volume of 217,439. There
were an average of 0.6 spills per year from oil transmission pipelines.

Oil transmission pipelines spills were further divided by service type into the following subcategories:
* Operational spills from oil transmission; and
* Maintenance activity spills (related to pigging).

Table 3-9 presents the annual spill number and total for both of these categories. Figure 3-21 depicts
the number and total volume of spills for each of these categories. One oil transmission pipeline spill
accounts for 99.9% ot the total volume spilled; the second largest spill in this category was 5,040
gallons, the other seven spills were less than 100 gallons each.
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Table 3-9. Annual number of spills and total volume (gallons) for maintenance activity and operational oil
transmission pipeline categories.

MAINTENANCE ACTIVITY OPERATIONAL

Number of  Total Volume Number of Total Volume
Spills (gallons) Spills (gallons)

1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
Grand Total
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s
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Figure 3-21. Percentage of number and volume of spills from oil transmission pipelines, maintenance
activity and operational.
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Operational Oil Transmission Pipeline Leaks

Oil transmission pipeline leaks are spill cases that were not associated with maintenance activities,
such as pigging. There were 7 oil transmission pipeline leaks from 16 oil transmission pipelines on
the North Slope; no pipelines have experienced more than a single spill. Figure 3-22 depicts the
percentage of the number and total volume by size class for operational oil transmission pipeline
leaks. Nearly the entire total volume of" operational oil transmission pipeline leaks are accounted for
by a single spill in 2006 of 212,252 gallons.

Operational Oil Tranmission Pipeline Spills
Percentage of Number and Volume
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Figure 3-22. Number and volume of operational oil transmission pipeline spill cases by spill class.

Table 3-10 and Figure 3-23 present the primary cause breakdown of oil transmission pipeline leaks.
Valve/seal failure was the greatest cause of spills (4), followed by internal corrosion (2), and operator
error (2). Material failure, thermal expansion, and construction related failure each accounted for 1
spill each. The single largest spill of 212,252 gallons was caused by internal corrosion.

Figure 3-24 depicts the number of operational oil transmission pipeline spills by year. The average
number of spills from this subcategory is 0.5 spills per year. Figure 3-25 depicts a bar graph of total
spill volume by year with an overlaid scatter plot of actual spill events plotted over the same time
period. Graphical analysis of the number of spills and the total volume spilled for operational flowlines
indicates no trend over the analysis time period.

The single large spill in 2006 is a major contributor to the severity of spills, but the frequency and
severity of all other spills from this category has been very low.
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Table 3-10. Primary cause of failure for operational oil transmission pipeline spills.”

OPERATIONAL OIL TRANSIMISSION PIPELINE SPILLS
n=7

Primary Cause Number

Valve/Seal Failure

Internal Corrosion

Operator Error

Thermal Expansion

Construction, Installation or Fabrication Related

External Corrosion

Erosion

Vibration (wind-induced/slugging)

Overpressure
3rd Party Action
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Primary Cause of Failure
Operational Oil Transmission Pipeline Spills
n=7

Figure 3-23. Primary cause of failure for operational oil transmission pipeline spills.

Maintenance Activity Oil Transmission Pipeline Spills

Maintenance activity oil transmission pipeline spill cases are associated with maintenance activities,
such as pigging. Only two spill cases occurred in this sub-category, so summary statistics are not
meaningful. One spill of 84 gallons in 1996 was the result of operator error and the other spill of 4
gallons in 2005 was the result of a valve/seal failure. Maintenance activity oil transmission pipeline
spills are not a significant contributor to either frequency or severity of loss-of-integrity spills on the
North Slope.

7  Note that n is the number of spill cases. Some cases have more than one primary cause, so the number of cause assignment exceeds
the number of cases.
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Figure 3-24. Average number of operational oil transmission pipeline loss-of-integrity spills reported by
North Slope oil and gas operators by year.
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Figure 3-25. Bar graph of total spill volume (gallons) by year and scatter plot of actual spill events, all
operational oil transmission pipeline loss-of-integrity spills.
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3.2.3 Facility Oil Piping

Table 3-5 (page 28) shows that the regulatory category with the largest number of spill cases is facility
oil piping with 240 spill cases, which represents 38% of the total number of loss-of-integrity spills.
The volume spilled from facility oil piping was 246,132 gallons or 20% of the total volume spilled
across all spills in the study. Thus, facility oil piping is second only to flowlines in the total volume
spilled. Facility oil piping also exhibits the highest spill frequency of 16.6 spills per year. Figure 3-26
maps the spatial distribution of facility oil piping spills. Table 3-11 presents the annual spill number
and total volume of loss-of-integrity spills in the facility oil piping category.

Table 3-11. Annual spill number and total volume (gallons) for loss-of-integrity spills in the facility oil
piping category.

FACILITY OIL PIPING

Number of Spills Total Volume (gallons)
1995 10 1,338
1996 22 1,668
1997 18 4,235
1998 25 4,202
1999 11 6,523
2000 15 2,333
2001 17 2,983
2002 16 7,756
2003 21 5,714
2004 19 3,227
2005 10 2,778
2006 14 1,873
2007 5 39,294
2008 23 159,642
2009 14 2,567
Grand Total 240 246,132

Table 3-12 presents the number and total volume of spills by spill size category. Figure 3-27 depicts
the same data, which shows that a few large spills account for the vast majority of the total volume
spilled. The three spills over 10,000 gallons are just 0.3% of the total number, but account for 79%
of the total volume spilled. The 18 spills greater than 1,000 gallons represent 7.6% of the number of
spills, but account for 90% ot the total volume spilled.

Table 3-12. Number and total volume (gallons) of facility oil piping loss-of-integrity spills by size category.

21,000 - 210,000 -

Size Class <10 >210-<100 2 100,000 Total
< 10,000 < 100,000
Number 104 73 45 15 3 0 240
Percent 43.3% 30.4% 18.8% 6.3% 1.3% 0.0%
Volume (gallons) 296 2,696 14,206 33,790 195,146 0 246,134
Percent 0.1% 1.1% 5.8% 13.7% 79.3% 0.0%

Final Report — November 2010 41



NORTH SLOPE SPILLS ANALYSIS

Facility Oil Piping Spills
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Figure 3-27. Percentage of number and total volume (gallons) of loss-of-integrity spills by size.

The facility oil piping category includes pipelines that run from individual wells to the manifold
connected to a flowline as well as pipelines connected to above ground oil storage tanks. Thus for the
purpose of this study, the facility oil piping category was divided into the following two sub-categories
based on service: well lines and tank lines. Well lines accounted for 97% (232 cases) and tank lines
accounted for only 3% (8 cases) of the facility oil piping spills. The average spill volume for well lines
(1,066 gallons) was much larger than the average spill for tank lines (102 gallons).

Table 3-13 and Figure 3-28 present the primary cause breakdown of facility oil piping spills. Valve/
seal failure was the greatest cause of spills (100), followed by operator error (34), internal corrosion
(21), and thermal expansion (18). The single largest spill of 94,920 gallons was caused by internal
corrosion.

Table 3-13. Primary cause of failure for facility oil piping spills.®

FACILITY OIL PIPING SPILLS

n=197
Primary Cause
Valve/Seal Failure 100
Operator Error 34
Internal Corrosion 21
Thermal Expansion 18
Overpressure 9
Erosion 8
External Corrosion 3
Construction, Installation or Fabrication Related 3
Vibration (wind-induced/slugging) 1
3rd Party Action 1

8  Note that n is the number of spill cases. Some cases have more than one primary cause, so the number of cause assighment exceeds
the number of cases.
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Primary Cause of Failure
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Figure 3-28. Primary cause of failure for facility oil piping spills.

Figure 3-9 (page 29) depicts the number of facility oil piping spills by year. Figure 3-29 depicts a bar
graph of total spill volume by year with an overlaid scatter plot of actual spill events plotted over the
same time period. Statistical analysis does not indicate a significant trend of the number of facility oil
piping spills over time (Append H3.3).

Spills from facility oil piping occur at the highest frequency of any spill category and the spill severity
has increased over the study period. The majority of facility oil piping leaks occur on well pads
between the well and the flowline manifold and are caused by valve/seal failure.
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Facility Oil Piping Spills
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Figure 3-29. Bar graph of total spill volume (gallons) by year and scatter plot of actual spill events, all
facility oil piping loss-of-integrity spills.

3.2.4 Process Piping

Table 3-5 (page 28) shows that the regulatory category with the second largest number of spill cases
is process piping, with 202 spill cases. These spills represent 38% of the total loss-of-integrity spills.
The volume spilled from process piping was 156,356 gallons or 13% of the total volume spilled across
all spills in the study. Process piping exhibits the second highest spill frequency of 13.9 spills per
year. Process piping is responsible for a large number of relatively small spills. Figure 3-30 maps the
spatial distribution of process piping spills. Table 3-14 presents the annual number of spills and total
volume for loss-of-integrity spills in the process piping category.
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Table 3-14. Annual number of spills and total volume (gallons) for process piping loss-of-integrity spills.

PROCESS PIPING

Number of Spills

Total Volume (gallons)

1995 5 13,005
1996 16 13,742
1997 17 5,578
1998 15 4,176
1999 12 1,202
2000 13 8,656
2001 12 6,629
2002 12 12,415
2003 10 12,194
2004 11 33,300
2005 17 6,477
2006 21 7,261
2007 19 9,572
2008 15 2,545
2009 7 19,593
Grand Total 202 156,345

Table 3-15 presents the number and total volume of spills by spill size category. Figure 3-31 depicts
the same data, which shows that a few large spills account for the vast majority of the total volume
spilled. Two spills over 10,000 gallons make up only 1.0% of the total number of spills, but account
tor 79% of the total volume spilled. The 26 spills greater than 1,000 gallons represent 14% of the
number of spills, but account for 93% of the total volume spilled. The number of spills is much more
broadly distributed across the size classes than other categories.

Table 3-15. Number and total volume (gallons) of process piping spills by size category.

PROCESS PIPING

2100 - 21,000 - 210,000 -
Size Class <10 >10-<100 : ‘ > 100,000 Total
< 1,000 < 10,000 < 100,000
Number 104 73 45 15 3 0 240
Percent 43.3% 30.4% 18.8% 6.3% 1.3% 0.0%
Volume (gallons) 296 2,696 14,206 33,790 195,146 0 246,134
Percent 0.1% 1.1% 5.8% 13.7% 79.3% 0.0%

The process piping category includes pipes inside flowline manifold buildings, inside modules at the
processing centers, and seawater pipelines. Thus for the purpose of this study, the process piping
category was divided into the following three sub-categories: well manifolds, processing center

modules, and seawater pipelines. Table 3-16 presents the number and total volume for each of the

process piping sub-categories. Process piping at processing centers accounted for 74.4% (148) of the

cases. Process piping spills at processing centers are more frequent and severe than spills from well

manifolds or sea water lines.
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Figure 3-31. Number and total volume (gallons) of process piping spills by size category.

Table 3-16. Number and total volume (gallons) of process piping spills by process piping category.

PROCESS PIPING

Sub-category Well Manifold Processing Centers Sea water Total
Number 7 148 44 199
Percent 3.5% 74.4% 22.1%

Total Volume (gallons) 1,899 121,434 32,699 156,032
Percent 1.2% 77.8% 21.0%

Table 3-17 and Figure 3-32 present the primary cause breakdown of process piping spills. Valve/seal
tailure was the greatest cause of spills (68), followed by operator error (34), internal corrosion (21),
thermal expansion (11), and erosion (10). The two largest spills were caused by valve/seal failure and
internal corrosion.

Table 3-17. Primary cause of failure for operational oil transmission pipeline spills.®

PROCESS PIPING SPILLS

n=160
Primary Cause Number
Valve/Seal Failure 68
Operator Error 34
Internal Corrosion 21
Thermal Expansion 11
Erosion 10

External Corrosion

Overpressure

Construction, Installation or Fabrication Related

Vibration (wind-induced/slugging)
3rd Party Action

Ol |IN|&d|IN

9  Note that n is the number of spill cases. Some cases have more than one primary cause, so the number of cause assignment exceeds
the number of  cases.
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Figure 3-32. Primary cause of failure for process piping spills.

Figure 3-9 (page 29) presents the number of process piping spills by year. Figure 3-33 depicts a bar
graph of total spill volume by year with an overlaid scatter plot of actual spill events plotted over the
same time period. Statistical analysis does not indicate a significant trend of the number of process

piping spills over time (Append H3.4).

Spills from process piping occur at the second highest frequency of any category and neither spill
count nor average spill volume show any trend over the study period. Spills from this sub-category
have a high frequency and a relatively low severity when they do occur.

Process Piping Spills
n=197
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20,000 -
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Figure 3-33. Bar graph of total spill volume (gallons) by year and scatter plot of actual spill events, all
process piping loss-of-integrity spills.
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3.25 Wells

Spills from the wells category are the result of leaks from the well head or the well casing during
normal production operations. Table 3-5 (page 28) shows that the regulatory category with the third
largest number of spill cases is wells, with 108 spill cases. The frequency of spills from wells is 7.4
spills per year. This represents 17% of the total number of loss-of-integrity spills. The volume spilled
from wells was 66,638 gallons, representing just 6% of the total volume spilled across all spills in the
study. The average volume of 617 gallons per spill is the lowest of all spill categories. Figure 3-34
maps the spatial distribution of wells spills. Table 3-18 presents the annual spill number and total
volume for loss-of-integrity spills in the wells category.

Table 3-18. Annual number of spills and total volume (gallons) for loss-of-integrity spills in wells category.

WELLS
Number of Spills Total Volume (gallons)
1995 2 25
1996 4 54
1997 3 765
1998 5 72
1999 3 14
2000 8 301
2001 6 36
2002 5 11,816
2003 11 232
2004 10 279
2005 11 51,576
2006 12 802
2007 8 27
2008 8 336
2009 12 304
Grand Total 108 66,638

Table 3-19 presents the percentage of number and total volume of spills by spill size category. Figure
8-35 depicts the same data, which shows that two large spills account for the vast majority of the total
volume spilled. The two spills over 10,000 gallons represent only 2% of the total number of spills, but
account for 79% of the total volume spilled. The 18 spills greater than 1,000 gallons represent 7.6% of
the number of spills, but account for 94% of the total volume spilled. The majority of well spills are
less than ten gallons.

Table 3-19. Number and total volume (gallons) of well spills by size category.

WELLS
2100 - 21,000 - 210,000 -
ize Cl <1 >210-<1 ’ ’ >1 Total
Size Class (0] (0] 00 <1,000 < 10,000 < 100,000 00,000 ota
Number 58 36 12 2 108
Percent 53.7% 33.3% 11.1% 0.0% 1.9% 0.0%
Volume (gallons) 193.50 872 2,763 62,809 66,638
Percent 0.3% 1.3% 4.2% 0.0% 94.3% 0.0%
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Figure 3-35. Number and total volume (gallons) of well spills by size category.

Table 3-20 and Figure 3-36 present the primary cause breakdown of" well spills. Valve/seal failure was
by far the greatest cause of spills (42), followed by over pressure (5), thermal expansion (4), operator
error (4), internal corrosion (3) and construction installation or fabrication (3). The largest spill of
51,198 gallons was caused by internal corrosion.

Table 3-20. Primary causes of failure for well spills."

WELL SPILLS
n=62
Primary Cause Number
Valve/Seal Failure 42
Overpressure 5
Thermal Expansion 4
Operator Error 4
Internal Corrosion 3
Construction, Installation or Fabrication Related 3
Erosion 1
External Corrosion 0
Vibration (wind-induced/slugging) 0
3rd Party Action 0

Figure 3-9 (page 29) depicts the number of well loss-of-integrity spills by year. Figure 3-37 depicts a
bar graph of total spill volume by year with an overlaid scatter plot of actual spill events plotted over
the same time period. Statistical analysis indicates that there is a significant upward trend over time
for spills from wells (Appendix H4.5).

Spills from this sub-category are occurring at a statistically significant increasing rate, though they
have a low severity when they do occur. Spills in this category suggest that wells leaks are showing
some characteristics that could be related to aging.

10 Note that n is the number of spill cases. Some cases have more than one primary cause, so the number of cause assignment exceeds
the number of cases.
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Figure 3-36. Primary cause of failure for well spills.
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Figure 3-37. Bar graph of total spill volume (gallons) by year and scatter plot of actual spill events, all
well loss-of-integrity spills.
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3.2.6 Above Ground Oil Storage Tanks

The single largest spill during the study period (214,038 gallons) was from an above ground oil
storage tank. Yet, Table 3-5 (page 28) shows that this regulatory category has the second lowest
frequency of spills with 10 spill cases, an average of 0.7 spills per year. These 10 spills represent

just 2% of the total number of loss-of-integrity spills. However, the total volume spilled from above
ground oil storage tanks was 247,137 gallons, which is 21% of the total volume spilled across all spills
in the study. Figure 3-38 maps the spatial distribution of above ground oil storage tank spills. Table
3-21 presents the annual spill number and total volume for loss-of-integrity spills in the above ground
oil storage tanks category.

Table 3-21. Annual number of spills and total volume (gallons) for loss-of-integrity spills in above ground
storage tanks category.

ABOVE GROUND OIL STORAGE TANK

Number of Spills

Total Volume (gallons)

1995 1 2
1996 0 0
1997 0 0
1998 2 3,370
1999 0 0
2000 0 0
2001 1 2,600
2002 3 104
2003 1 20
2004 0 0
2005 0 0
2006 1 241,038
2007 0 0
2008 0 0
2009 1 3
Grand Total 10 247,137

Table 8-22 presents the number and total volume of above ground oil storage tank spills by spill size
category. Figure 3-39 depicts the same data, which shows that the single large spill in 2006 accounts
for the vast majority (98%) of the total volume spilled.

Table 3-22. Number and total volume (gallons) of above ground oil storage tank spills by spill size
category.

ABOVE GROUND OIL STORAGE TANKS

2100 - 21,000 - 210,000 -

Size Class <10 210-<100 2 100,000 Total
< 1,000 <10,000 < 100,000
Number 4 2 1 2 1 10
Percent 40.0% 20.0% 10.0% 20.0% 0.0% 10.0%
Volume (gallons) 9 30 100 5,960 241,038 247,137
Percent 0.0% 0.01% 0.04% 2.4% 0.0% 97.5%
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Figure 3-39. Number and total volume (gallons) of above ground oil storage tank spills by spill size
category.

Table 3-23 and Figure 3-40 present the primary cause breakdown of above ground oil storage tank
spills. Operator error was the greatest cause of spills. The largest spill of 241,038 gallons was caused
by material failure.

Table 3-23. Primary cause of failure for above ground storage tank spills."

ABOVE GROUND OIL STORAGE TANK SPILLS
n=5

Primary Cause Number

Operator Error

External Corrosion

Internal Corrosion

Erosion

Thermal Expansion

Construction, Installation or Fabrication Related

Vibration (wind-induced/slugging)

Overpressure

Valve/Seal Failure
3rd Party Action

(e} ol foll foi fo il Joi foll Nl Noly J08)

Figure 3-41 depicts a bar graph of total spill volume by year with an overlaid scatter plot of actual
spill events plotted over the same time period. Graphical analysis reveals no trend in number or
volume across the study period.

The single large spill in 2006 is a major contributor to the severity of spills, but the frequency and
severity of all other spills from this category has been very low.

11 Note that n is the number of spill cases. Some cases have more than one primary cause, so the number of cause assignment exceeds
the number of cases.
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Figure 3-40. Primary cause of failure for above ground storage tank spills.
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Figure 3-41. Bar graph of total spill volume (gallons) by year and scatter plot of actual spill events, all
above ground storage tank loss-of-integrity spills.
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3.2.7 Comparison Across Regulatory Categories

Figure 3-42 presents a binning of regulatory categories by the spill frequency and severity. The
colors of the matrix are meant to indicate the relative risk of that cell. Colors are based on the best
professional judgment of the authors. The severity scale is logarithmic, meaning each cell is ten times
greater than the adjacent cell. Thus, moving one cell left or right represents a much greater change
than moving one cell up or down. Each cell contains any relevant regulatory category followed by the
number of spills in that category during the analysis time period. Facility oil piping, process piping,
and well spills occur at the highest frequencies. All regulatory categories - oil transmission pipelines,
above ground storage tanks, facility oil piping, flowlines, process piping, and wells have contributed
spills that are in the top two severity categories.
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Figure 3-42. Matrix of frequency and severity of spills showing relative contribution of each regulatory
category during the study period.

Figure 3-43 shows the linear trends in spill frequency over the study period. While not all these
trends lines are statistically significant (Appendix H4), the graph illustrates that although the overall
number of spills has remained essentially constant over time, decreases in the number of facility oil
piping and flowline spills are being offset by an increase in the number of well spills.
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Figure 3-43. Spill trends expressed in number of spills for each regulatory category from 1996 to 2009.

Examination of these data reveals the following:

* Above ground storage tanks and oil transmission pipelines have a very low spill frequency,
less than one per year. Each accounts for about 20% of the total volume spilled, but this is
solely because of the two large spills in 2006.

* Total spill volume is uniformly distributed between storage tanks, oil transmission pipelines,

tflowlines and facility oil piping, with less total oil spilled from process piping and wells.
However, the total volumes associated with storage tanks and oil transmission pipelines are
the result of a single spill in each category.

* Facility oil piping, process piping, and wells all contribute the most to spill numbers, but
contribute proportionately less to spill volume.

e The flowline category exhibits the highest percentage (81%) ot large spills (= 10,000).

Measures for reducing spill frequency would be most eftectively aimed at facility oil piping, process
piping, and wells, while measures for reducing spill severity would be most eftectively focused on
flowlines.

3.3 Analysis of Spill Data by Primary Cause of Failure

Data on the primary cause of failure is of interest to examine common causes of failures that resulted

in loss-of-integrity leaks. To understand the data it is important to understand the relationships
between causes and how the data are coded into the NSS database. Causes are not mutually exclusive
so more than one cause can be assigned to a spill case. Causes can be interactive; corrosion may
weaken a pipeline enough that wind induced vibration causes a material failure of the pipe or weld,

)

which leads to a spill. Causes can be hierarchical, in that some causes are sub-sets of others. Internal

Corrosion is a subset of Corrosion and in turn, Corrosion could be a subset of Material Failure of
Pipe or Weld. The causes used for this study were assigned to standard cause categories developed
after an initial review of the database, spill case files, and cause investigation methodologies. Cases
were assigned to one or more primary causes based on information obtained from SPILLS database,
case file, and the oil discharge prevention and contingency plan and interpreted based on the best
professional judgment of the reviewer. Cases assigned to the flowline and oil transmission pipeline
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regulatory categories were reviewed by the operators to validate cause, since these spills were of
particular interest.

The following illustrates the hierarchical relationship of the cause categories:

Material Failure of Pipe or Weld
Corrosion
External Corrosion
Internal Corrosion
Erosion
External Erosion
Internal Erosion
Thermal Expansion
Construction, Installation or Fabrication Related
Original Manufacturing-Related
Vibration (wind-induced/slugging)
Overpressure
Valve/Seal Failure
Operator Error
3rd Party Action

Although material failure at pipe or weld was a common cause designation, occurring 123 times in the
640 spill records, the Expert Panel suggested that this cause designation be ignored because it is overly
broad and duplicative of other causes.

Figure 3-44 presents a binning of selected primary causes of failure by the spill frequency and
severity. The colors of the matrix are meant to indicate the relative risk of that cell. As stated before,
colors are based on cause category assignments that reflect the best professional judgment of the
authors and the severity scale is logarithmic, meaning each cell is ten times greater or lesser than the
adjacent cell. Each cell contains any relevant primary cause followed by the number of spills in that
category during the analysis time period. Valve/seal failures occur at the highest frequencies. Internal
corrosion, external corrosion, valve/seal failure, and thermal expansion are primary causes of failure
that occur in the top two severity categories.

Because more than one primary cause of failure can be assigned to a single case, statistical analysis
required some simplifying assumptions (Appendix H3). However the following facts are apparent in
the data:

» Valve/seal failure is the most frequent cause of all spills,

* Corrosion is the most frequent cause for spills greater than 1,000 gallons,

* Valve/seal failure is the most frequent cause for smaller spills,

* Spill severity is dependent on spill cause in some cases,

» Valve/seal failures account for an unusually high percentage of well spills,

* Operator error accounts for an unusually high percentage of* storage tank spills,

e Corrosion accounts for an unusually high percentage of flowline spills,

* Corrosion is a larger problem for Kuparuk River than for Prudhoe Bay.
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Figure 3-44. Matrix of frequency and severity of spills showing relative contribution of selected primary
causes of failure during the study period.

3.4 Comparison of Leak Rates

Leak rates can be calculated by normalizing the number and/or volume of leaks by production
throughput or by pipeline length for pipeline spills. Leak rates can be useful to compare one oil field
with another, but these rates still have the underlying problems associated with the number and
volume data. Volumetric leak rates based on amount spilled will still have the large variations caused
by the few very large spills and numeric leak rates based on number of leaks are limited when there

are very few spills from an oil field.

3.4.1 Leak Rates Based on Total Production

One way to analyze loss-of-integrity leak rates across the entire oil production infrastructure is to
consider the production volumetric leak rate, which is the proportion of produced oil and water that
ends up spilled. This is the ratio between the total amount of oil and produced water spilled at each oil
field during the study period and the total amount of oil and water produced from that field, expressed
as barrels per million barrels (bbl/mm bbl). This data, which includes spills across all six regulatory
categories included in the study, are presented by oil field in Table 3-24 and Figure 3-45.
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Table 3-24. Amount of oil and produced water spilled vs. oil and produced water throughput by oil field
with corresponding volumetric leak rate.

Volume Total Volume of Total Oil & Volu-
Volume Produced Volume Oil Volume of Produced Water Pro metric Largest
Oil Field  Oil Spilled  Water & Water Oil Produced Water duced Leak Rate Spill
(gallons) Spilled Spilled (gallons) Produced -~ (bbl/mm (gallons)
(gallons) (gallons) (gallons) & bbl)
Badami 295.00 0 295.00 5,198,420 0 5,198,420 56.8 200
Colville 5,071.70 168 5,239.70 351,632,828 30,977,761 382,610,589 13.7 4,998
River
Endicott 1740.00 4,921 6,661.00 169,210,549 963,111,138 1,132,321,687 5.9 4,410
Kuparuk 356,898.10 16,122 37,3020.10 | 1,123,177,607 2,775,282,031 3,898,459,638 95.7 94,920
River
Milne Point 64,960.13 8,676 73,636.13 235,844,750 489,873,571 725,718,321 101.5 38,600
Northstar 98.00 0 98.00 141,811,174 28,679,622 170,490,796 0.6 84
Prudhoe 464,365.07 277,475 74,1840.07 | 2,987,017,635 6,549,833,660 9,536,851,295 77.8 241,038
Bay
All Oil Fields | 893,428.00 307,362 | 1,200,790.00 | 5,013,892,963 | 10,837,757,783 | 15,851,650,746 75.8 241,038
Production Valumetric Leak Rate
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Figure 3-45. Production volumetric leak rate expressed as ratio of spilled volume to total volume
(gallons) of oil and water produced, by oil field.

The production volumetric leak rate varies dramatically across North Slope oil tields. The combined
leak rate for all oil fields on the North Slope was 75.8 bbl/mm bbl.*

This variability may not reflect actual systematic variations between the operations at these different
fields. Since the largest spills account for a substantial portion of all the leak rate measurements, it is
possible that fields like Endicott and Northstar, which have a proportionately lower leak rate, have had
tew of the high-volume spills that dominate the data. For example, if the Colville River - Alpine field

12 Another study of North Slope exploration and production oil spills calculated a different volumetric leak rate of 0.86 bbl/mm bbl

of crude production from 1977 to 1999 (Maxim and Niebo 2001). This statistic is not directly comparable to the number calculated for
this study, because the Maxim and Niebo study 1) included spills for sources other than loss-of-integrity and 2) their study considered the
ratio of oil and produced water spilled to crude oil produced.
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had not had one 5,000 gallon spill, its leak rate would be two orders of magnitude lower. Even for
Ruparuk (1388 spills) and Prudhoe Bay (438 spills), the largest spill is a substantial contribution to the
total leak rate.

The production numeric leak rate is the ratio between the number of spills at each oil field during

the study period and the total amount of oil and water produced from that field, expressed as spills

per million barrels (spills/mm bbl). The numeric leak rate is presented by oil field in Table 3-25 and
Figure 3-46 for all loss-of-integrity spills and those spills greater than 1,000 gallons. The production
volumetric leak rate for all fields is 1.7 spills per million barrels of production and the rate for spills
greater than 1,000 gallons is 0.2 spills/mm bbl. Note the large variation in oil fields where the number
of spills are small.

Table 3-25. Numeric leak rate expressed as spills per million barrels for all North Slope loss-of-integrity
spills and all North Slope loss-of-integrity spills greater than or equal to 1,000 gallons by oil field.

.' Number Number of Spills Total Oil and' Leak R‘ate All Leak Rate for Spills

Oil Field of Spills > 1.000 Water Production : Spills 2 1:000 gallons

¢ (bbls) (spills/mm bbl) (spills/mm bbl)
Badami 4 0 123,772 32.32 0.00
Colville River, Alpine 5 1 9,109,776 0.55 0.11
Endicott 10 2 26,960,040 0.37 0.07
Kuparuk River 138 21 92,820,468 1.49 0.23
Milne Point 41 8 17,279,008 2.37 0.46
Northstar 4 0 4,059,305 0.99 0.00
Prudhoe Bay 438 38 227,067,888 1.93 0.17
All fields 640 70 377,420,256 1.70 0.19

Production Numeric Leak Rate
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Figure 3-46. Production numeric leak rate expressed as spills per million barrels for all North Slope loss-
of-integrity spills and all North Slope loss-of-integrity spills greater than or equal to 1,000 gallons.
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Figures 3-47 and 3-48 depict plots of the production volumetric leak rate and production numeric leak
rate (respectively) versus water to oil ratio for each oil field."’
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Figure 3-47. Production volumetric leak rate expressed as barrels per million barrels versus water to oil
ratio by oil field.
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Figure 3-48. Production numeric leak rate expressed as spills per million barrels versus water to oil ratio
by oil field.

Statistical analysis of production numeric leak rates did not show any trends over time during the
study period, which corresponds to no trend in spill numbers. However, the statistical analysis did
show significant differences between oil fields (Appendix H5.1).

13 The Badami oil field was excluded for these plots because of the erratic leaks rates associated with this field.
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Graphical analysis of the production leak rates lead to the following observations:

e The Badami leak rates are extremely variable and should probably be disregarded due to the
small number of loss-of-integrity spills from this field (n=4).

e The leak rates for the Colville River (n=5), Endicott (n=10), and Northstar (n=4) oil fields
are based on small numbers of observations, but are consistently lower that the leak rates for
Ruparuk River, Milne Point, and Prudhoe Bay. The Colville River (first production 2000) and
Northstar (first production 2001) oil fields are much younger that the other fields and have
lower water to oil ratios, which might offer an explanation for the lower leak rates.

* Endicott (first production 1986, 34 miles of pipelines) and Milne Point (first production 1985,
46 miles of pipeline) are roughly the same age and have similar pipeline lengths. However
the leak rates for Milne Point are at least 6 times larger than the leak rates for Endicott. This
comparison holds even when the largest spills are removed from the analysis.

*  Kuparuk River and Prudhoe Bay are in a class by themselves in terms of" age, production,
pipeline mileage, number of spills, and volume of spills. Kuparuk River (95.7 bbl/mm bbl)
has a higher volumetric leak rate than Prudhoe Bay (77.8 bbl/mm bbl). Prudhoe Bay (1.93
spills/ mm bbl, 0.17 spills/mm bbl) has a higher numeric leak rate for all spills and spills >
1,000 gallons than Kuparuk River (1.49 spills/mm bbl, 0.23 spills/mm bbl). Overall Kuparuk
River and Prudhoe Bay appear to be roughly equivalent in production leak rates.

* Plots of leak rate versus water to oil ratios show distinct groupings; Colville River — Alpine
and Northstar have low water to oil ratios and low leak rates, Milne Point, Kuparuk River
and Prudhoe Bay have higher water to oil ratios and higher leak rates, and Endicott has the
highest water to oil ratio but a low leak rate.

* Endicott stands out as a field with a consistently low production leak rates.

* Excluding the erratic Badami oil field, Milne Point has the highest production leak rates of
all other oil fields.

3.4.2 Leak Rates Based on Pipeline Length

For flowlines and oil transmission pipelines, mileage leak rates may also be considered based on
pipeline length. The mileage volumetric leak rate is the amount of oil spilled per mile per year
expressed as gallons per mile per year and the mileage numeric leak rate is the number of spills per
mile per year. Table 3-26 contains the mileage volumetric and numeric leak rates for operational
flowline and oil transmission pipeline spills for the Kuparuk River and Prudhoe Bay oil fields. There
was insufficient data to calculate these rates for other fields.

Table 3-26. Gallons spilled per year per mile, by oil field and pipeline category.

. Oil Transmission Oil Transmission . .
Operational n Flowline Volume Flowline Number

Pipeline Volume Pipeline Number

Spills . . er Year per Mile per Year per Mile
P per Year per Mile  per Year per Mile P P P P
Kuparuk River 0.0056 0.0037 2 42.2396 0.0033 14
Prudhoe Bay 541.1818 0.0100 4 9.9818 0.0033 21
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Figures 3-49 and 3-50 depict the mileage volumetric and numeric leak rates (respectively) for
operational flowline and oil transmission pipeline spills for the Kuparuk River and Prudhoe Bay

oil fields. As with production leak rates, Kuparuk flowlines (42.23 gallons/mile/year) had a higher
volumetric rate than Prudhoe Bay flowlines (9.98 gallons per mile per year). The mileage numeric leak
rates for Kuparuk River and Prudhoe Bay flowlines are identical (.0033 spills per mile per year). The
Ruparuk River oil transmission pipeline (0.0056 gallons per mile per year) volumetric leak rate was
very low compared to the Prudhoe Bay oil transmission pipeline (541.2 gallons per mile per year) leak
rate, which was dominated by the single 2006 spill of 212,252 gallons. Excluding the 2006 spill, the
Prudhoe Bay oil transmission pipeline leak rate would still have been 12.7 gallons per mile per year.
The Prudhoe Bay oil transmission pipeline (40.8 spills per mile per year) numeric leak rate was four
times higher than the Kuparuk oil transmission pipeline (0.0037 spills per mile per year) numeric leak
rate.

Pipelines
Mileage Volumetric Leak Rate

(gallons per mile per year) Flowlines

B il Transmission Pipelines
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Figure 3-49. Mileage volumetric leak rate expressed as gallons per mile per year for operational flowline
and oil transmission pipeline spills at Kuparuk River and Prudhoe Bay oil fields.
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Figure 3-50. Mileage numeric leak rate expressed as spills per mile per year for operational flowline and
oil transmission pipeline spills at Kuparuk River and Prudhoe Bay oil fields.
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Interestingly, the Prudhoe Bay flowline and the Kuparuk flowline and oil transmission pipeline mileage
numeric leak rates were all very similar, approximately 0.0035 spills per mile per year. These numeric

leak rates are higher than in other studies which were typically less than 0.002 spills per mile per year.

(Guevarra 2010, Anderson and Misund 1983, Hill and Catmur 1994, Lyons 2002)."*

3.5 Analysis of Age at Failure

Age at failure is another metric that may be used to consider problems in a pipeline system. It

might be hypothesized that older pipes fail more often than younger pipes. If this were the case, the
frequency of failure would increase across an axis of pipeline age categories. The pipeline catalogue
(Appendix C) contains 894 pipelines of which 44% have a known first date of service. The 44% is
highly skewed to the Kuparuk River oil field where 99% of the pipelines have a known date of service.
This provides a strong bias in the resulting analysis, but the results are still worth considering. Table
3-27 contains the years 175 pipelines were placed in service and the corresponding number of spills
trom each cohort. Figure 3-51 depicts the distribution of years the pipelines were placed in service.

Table 3-27. Number of pipelines placed in service by year and associated spills from those pipelines.

Year Pipeline in Service Number of Associated Spills
1977 2 1
1978
1979
1980
1981
1982 15
1983 12
1984 19
1985 34
1986 18
1987 11
1988
1989
1990
1991
1993
1994
1996
1997
1998
2000
2001
2003
2005
2006
2007
2008
2009
Grand Total 175
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14 It should be noted that these studies are not based on 3-phase pipelines, but product and crude oil pipelines.
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Distribution of years pipe placed in service

Yaarin Service
Figure 3-51. Distribution of year flowlines and oil transmission pipelines were placed in service.

It is evident that most of the piping was placed in service in the mid 1980s. The question arises as
to whether or not the probability of a given pipeline failing is a function of time that it was placed in
operation. A logistic regression model was designed to answer this question (Appendix H6).

The model proved to be significant; the odds that a pipeline will experience a spill increase by a
tactor of' 1.109 for every additional year of service. For a pipeline that has been in service 5 years, the
probability that it will experience a spill is 3.33%. Table 3-28 contains the probability of a spill for

a pipeline as it ages. Additional regression analysis show that the probability of a spill occurring is
highly correlated to pipeline length as would be expected (Appendix H6). This model indicated that,
when controlling for age, each additional mile of piping increases the odds of having experienced a
tailure by a factor of’ 1.172 for every additional year of service.

Table 3-28. Prediction of probability of failure by pipeline age resulting from logistic regression model
applied to North Slope pipeline and spill data.'®

Years in Service Probability of a spill (%)
5 3.33
10 5.45
15 8.80
20 13.91
25 21.30
30 31.18

While the analysis is limited by missing data it provides strong evidence that the probability of North
Slope pipeline spills are positively correlated to the age and length of a pipeline.

15 The year-placed-in-service information in this data is biased to some oil fields because of missing data from other oil fields.
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3.6 Analysis of Leak Detection

Figure 3-5 (page 25) demonstrates that a few large spills account for a large majority of the total
volume spilled. Reducing the time to detect a leak could substantially reduce the severity of oil spilled
on the North Slope from loss-of-integrity spills. This analysis is limited because the leak detection
data collected for flowlines and oil transmission pipelines was substantially incomplete. The method
of leak detection was determined for 48% of flowline and oil transmission pipe spill cases, but the
time to leak detection was determined for only 8% of these case. Of the 38 cases where leak detection
method was determined, 35 (92%) were detected visually, 2 (5%) were detected by odor, and 1 (8%)
was detected both visually and by a leak detection system. Only 5 cases contain data on the amount of
time that the leak occurred before it was detected. Of those, the average spill size for leaks detected

in less than one day was 253 gallons and the average for leaks detected after more than one day was
108,646."° While the data is limited, it indicates that reducing the time-to-detection for spills on the
North Slope could dramatically reduce the spill severity.

3.7  Analysis of Spill Impacts

To examine the environmental impacts for the flowline and oil transmission pipeline spills included in
this study, five metrics were considered: total volume spilled, number of spills impacting tundra, total
volume spilled to tundra, square footage of tundra impact, and number of spills that entered water.
The timing of spills related to frozen conditions was also considered.

The most basic measure of environmental impact is the total volume spilled outside of containment,
which was 484,541 gallons for flowlines and oil transmission pipelines during the study period. For
spills that escape containment, the type of environment where the spill occurs has some correlation

to its impact. For example, spills to gravel pads have a much less severe impact than spills to tundra.
Table 3-29 presents the number, total volume, average volume, and square footage of impact to
tundra. Tundra was impacted in 35% (28) of the 80 cases studied, with 78% of the total volume spilled
(879,361 gallons) impacting the tundra. A total of 225,938 square feet or 5.2 acres were impacted by
these spills. An average of 1.9 loss-of-integrity spills per year over the study period impacted tundra.

Table 3-29. Summary of spill impacts to tundra.

FLOWLINE AND OIL TRANSMISSION
PIPELINE SPILLS

Number Total volume (gallons) Square Footage
Spilled on Tundra 28 379,361 225,938
Percentage 35.0% 78.3%
Spilled on Gravel Pads 52 105,180
Percentage 65.0% 21.7%
Grand Total 80 484,541

Spills to frozen tundra and snow generally have less impact than spills during the thawed period.
Assuming that the tundra is frozen and at least partially covered with snow during the eight months
trom October 1st through May 31st, the spills impacting tundra were categorized into spills during the

16 These data are based on a very low sample size. N=5 for cases where the leak was detected in less than a day and n=2 for cases where
the leak was detected after more than a day. One of the leaks in the was the largest spill in the flowline and oil transmission category.
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frozen period and the thawed period. Table 3-30 presents the number, total volume, average volume,
and square footage of spills that impacted tundra during the frozen and thawed periods. Thirty two
percent (32%) of the spills occurred to frozen tundra, accounting for 82% of the volume spilled and
62% of the square footage impacted. Sixty eight (68%) percent of the spills occurred during the
thawed period, accounting for 18% of the total volume spilled to tundra and 38% of the square footage
impacted. Overall an average of 1.3 loss-of-integrity spills per year impacted a total of 1.9 acres of
non-frozen tundra.

Table 3-30. Summary of spill impacts to frozen and thawed tundra.

FLOWLINE AND OIL TRANSMISSION
PIPELINE SPILLS

Number Total volume (gallons) Square Footage
Frozen Tundra 9 311,447 140,078
Percentage 32.1% 82.1% 62.0%
Thawed Tundra 19 67,914 85,860
Percentage 67.9% 17.9% 38.0%
Grand Total 28 379,361 225,938

Table 3-31 shows that 28 loss-of-integrity spills (36%) impacted water bodies from flowlines and oil
transmission pipelines during the study period. It could not be determined how much volume spilled
into the water, because the percentage entering water is not recorded. However, data was collected
about the proportion of the spills that impacted frozen water bodies versus non-frozen. Overall, 36%
of the spills that impacted water bodies occurred during the non-frozen time of the year when the
impact is likely most severe. This equates to 0.7 spills per year across the study period.

Table 3-31. Summary of spill impacts to water bodies.

FLOWLINE AND OIL TRANSMISSION
PIPELINE SPILLS

Number
Frozen Water 18
Percentage 64.3%
Not Frozen Water 10
Percentage 35.7%
Grand Total 28

3.8  Other Analyses Performed

In addition to the analyses presented in this section, the authors also considered two other analyses for
the North Slope spills: spills greater than 1,000 gallons since 1977 and pipeline diameter. However,
these analyses showed no obvious trends, therefore they were not included in this report.
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DISCUSSION

4.1 Significance of the Analysis

This analysis represents the first time that North Slope crude oil infrastructure has been systematically
analyzed to look for trends and identify options for reducing the frequency and severity of future

spills from this infrastructure. While the missing data impacted some of the analysis, overall the
information gleaned by this review was sufficient to allow the Expert Panel convened to review this
data to offer recommendations on measures to reduce the frequency and severity of future spills (See
Section 5). The metrics used in this analysis establish benchmarks that may be used to judge future
performance of the North Slope oil production infrastructure. The numeric leak rates establish the
frequency of failure for this infrastructure, which will be useful for any quantitative risk assessment.

4.2 Overall Spill Trends

Six hundred and forty (640) loss-of-integrity spills were reported during the analysis time period from
July 1, 1995 through December 31, 2009. An average of 44 loss-of-integrity spills occurred each year
over the study period. There was no significant trend in the frequency of loss-of-integrity spills across
all of the oil fields and regulatory categories from the North Slope oil and gas infrastructure.

The data on spill severity shows that a few large spills account for the vast majority of the total
volume spilled from the North Slope oil production infrastructure. The two largest spills comprise
0.3% of the total number, but account for 38% of the total volume spilled. The 13 spills greater than
10,000 gallons represent 2% of the number of spills, yet account for 80% of the total volume spilled.
The 70 spills greater than 1,000 gallons represent 11% of' the number of spills, and account for 95%
of the total volume spilled. Because of this non-normal distribution of" the volume data, an average
volume statistic does not represent either a typical or a probable spill and is therefore not useful to
report.

There is some evidence that the frequency of large spills (> 1,000 gallons) trends upward over the
study period. The two largest spills occurred in 2006 and 75% of the spills greater than 10,000
gallons occurred in the latter half of the study timeframe. Because of the non-normal nature of the
volume data this trend of increasing severity cannot be deemed statistically significant.

4.3 Spill Trends by Regulatory Categories

Six regulatory categories of infrastructure were analyzed for this analysis.

4.3.1 Flowlines

Flowlines carry either 3-phase fluid or produced water between well pads and processing center. Most
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of the large diameter pipelines the North Slope are flowlines. This regulatory category accounts for
about 11% of the number of spills and 22% of the total volume spilled. There were 71 flowline spills
during the study period or 4.9 spill per year. The average spill volume for flowlines is twice the average
of all spills. For this analysis, flowline spills were divided into two sub-categories: maintenance activity
flowline spills (related to pigging) and operational flowline spills (not related to pigging). This data
indicate that nearly half of the flowline spills are related to maintenance activities, and that these spills
account for less than 10% of the total volume spilled.

Like most other categories, the total volume of operational flowline leaks is attributable to a few severe
spills. External corrosion was the most common primary cause of failure leading to operational
tflowline spills. There was no significant trend in frequency or severity of operational flowline spills
during the study period. Spills from this sub-category have a relatively low frequency, but a high
severity when they do occur.

In contrast, both the frequency and severity of maintenance activity flowline spills show a significant
downward trend over the analysis time period. Valve/seal failure was the leading primary cause

of failure for this sub-category. Maintenance activity flowline spills have contributed little to the
trequency or severity of spills during the past five years of the analysis time period.

4.3.2 Oil Transmission Pipelines

Oil transmission pipelines carry sales quality crude oil from production centers toward Pump Station
One on the Trans-Alaska Pipeline. There were only 9 spills from oil transmission pipelines during
the study period equating to 0.6 spills per year. Seven of those spills were less than 100 gallons, one
was about 5,000 gallons, and one was the second largest spill across all categories (214,000 gallons).
For the purpose of analysis, oil transmission pipelines spills were also divided into two sub-categories:
operational spills and maintenance activity spills related to pigging

Although 71% percent of operational oil transmission pipeline leaks occurred in the last five years of
the analysis time period, neither the frequency nor severity of transmission pipeline loss-of-integrity
spills demonstrate a significant trend over the study time period.' Valve/seal failure was the most
common cause of operational oil transmission pipeline spills, although the single largest spill in this
sub-category (over 200,000 gallons) was caused by internal corrosion. The single large spill is a major
contributor to the severity of spills, but the frequency of spills from this category has been very low.

Only two cases represent operational maintenance oil transmission pipeline spill cases associated with
activities such as pigging. Maintenance activity oil transmission pipeline spills are not a significant
contributor to either frequency or severity of loss-of-integrity spills on the North Slope.

4.3.3  Facility Oil Piping

The facility oil piping category includes pipelines that run from individual wells to the manifold
connected to a flowline, and pipelines connected to above ground oil storage tanks. There were 240
tacility oil piping spills during the study period, which equates to 16.6 spills per year, which is the
highest spill frequency of any category. The volume spilled from facility oil piping was 20% of the
total volume spilled across all spills in the analysis, making this category third in the total volume
spilled. A few large facility oil piping spills account for the vast majority of the total volume spilled.

For the purpose of this analysis, the facility oil piping category was divided into two sub-categories

1 This lack of significant trend is due in part to the low number of spills.
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based on service: well lines and tank lines. Well lines accounted for 96% of the facility oil piping spills.
The average spill volume for well lines was much larger than the average spill for tank lines. The
single largest spill from facility oil piping was caused by internal corrosion.

Spills from facility oil piping occur at the highest frequency of any category and severity of these
spills has increased over the analysis time period. This category is showing some characteristics that
could be related to aging.

4.3.4 Process Piping

Process piping is piping internal to buildings and modules and is not regulated by the ADEC. There
were 202 process piping spills, equating to 13.9 spills per year, placing this regulatory category second
in terms of spill frequency. The volume spilled from process piping was 13% of the total volume
spilled across all spills. Like most other categories, a few large spills account for the vast majority of
the total volume spilled; however, the number of process piping spills is more evenly distributed across
the size cases than other categories.

For the purpose of this analysis, the process piping category was divided into the following three
sub-categories based on service: well manifolds, processing center modules, and sea water piping.
Processing center spills accounted for approximately three-quarters of all spill cases, and were both
more frequent and severe than spills from well manifolds or sea water lines. The leading primary cause
of failure was valve/seal failure. Neither spill frequency nor severity show any trend over the analysis
time period. Spills from this sub-category have a high frequency and a relatively low severity when
they do occur.

4.3.5 Wells

There were 108 spills from well equipment, equating to 7.4 spills per year, making wells the third
largest in terms of number of spills. The volume spilled from wells was just 6% of the total volume
spilled across all spills in the analysis, and the annual average volume per spill is the lowest of all
regulatory categories. Two spills over 10,000 gallons account for nearly 80% of the total volume

spilled.

The primary cause of well spills was valve/seal failure, followed by material failure, although the two
largest spills were caused by internal corrosion and material failure respectively. Spills from wells
occur at a moderate frequency compared to other categories, and the frequency of spills has increased
significantly over the analysis time period, although the severity of these spills is comparatively low.
This sub-category is showing some characteristics that could be related to aging.

4.3.6 Above Ground Storage Tanks

Only 10 spills occurred from above ground storage tanks, equating to 0.7 spills per year, making
the category the second lowest in terms of number of spill cases. Above ground oil storage tanks,
representing just 2% of the total number loss-of-integrity spills, however the volume spilled from
above ground oil storage tanks accounted for 21% of the total volume spilled across all spills in the
analysis. Almost all of the total volume spilled was from the single largest spill in the analysis.

The most prevalent primary cause of failure for above ground oil storage tanks spills is operator error,
however the largest spill in this category was caused by material failure. Spills from above ground
storage tanks occur at a low frequency, but can be severe.
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4.4 Primary Cause of Failure

Analysis of the primary cause of failure shows that valve/seal failure is the most frequent cause of all
spills, but corrosion is the most frequent cause of spills greater than 1,000 gallons. Primary cause of
tailure varies dependent on regulatory category. Corrosion is a dominant cause of failure for flowlines.

4.5 Leak Rates

Leak rates were calculated in two ways:

¢  Production leak rates - as a proportion of total throughput (spillage from all six regulatory
categories as a function of total volume of oil and water produced), and

* Mileage leak rates - as a proportion of linear pipeline length (which applies only to oil
transmission pipelines and flowlines).

In both instances numeric leak rates and volumetric leak rates were calculated. The data was broken
out by oil field, for internal comparisons; it was also compared to reported leak rates from oil and gas
production infrastructure in other regions.

The analysis shows that the production volumetric leak rate varies dramatically across North Slope
oil fields, but that this variability may not reflect actual systematic variations between the operations
at these different fields, but rather a skew to the data based on the dominance of a few large spills
within the data set. Production numeric leak rates are more consistent. The Badami oil field leak
rates are extremely variable and should probably be disregarded due to the small number of loss-of-
integrity spills from this field. The leak rates for the Colville River — Alpine, Endicott, and Northstar
oil fields are consistently lower than the leak rates for Kuparuk River, Milne Point, and Prudhoe

Bay. Endicott and Milne Point are roughly the same age and have similar pipeline lengths, however
the leak rates for Milne Point are at least 6 times larger than the leak rates for Endicott. Kuparuk
River and Prudhoe Bay are in a class by themselves in terms of age, production, pipeline mileage,
number of spills, and volume of spills. Kuparuk River has a slightly higher volumetric leak rate than
Prudhoe Bay and Prudhoe Bay has a slightly higher numeric leak rate for all spills and spills > 1,000
gallons than Kuparuk River. Overall Kuparuk River and Prudhoe Bay appear to be roughly equivalent
in production leak rates. Endicott stands out as a field with consistently low production leak rates.
Excluding the erratic Badami oil field, Milne Point has the highest production leak rates ot all other
oil fields.

The production leak rates for all oil fields combined were:

75.8 barrels spilled for every million barrels produced,

1.7 spills for every million barrels produced, and

0.18 spill greater than 1,000 gallons per million barrels of production.
There were no significant trends over time for production leak rates.

Mileage leak rates were calculated for flowline and oil transmission pipeline categories for the Prudhoe
Bay and Kuparuk River fields. As with other volume metrics, the mileage volumetric leak rates
were highly influenced by a few large spills. Sparse oil transmission pipeline spill data reduces the
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confidence in the rates calculated for this category. As with production leak rates, Kuparuk River and
Prudhoe Bay flowlines performed roughly equally at 0.003 spills per mile per year.

4.6 Age at Failure

One component of this analysis was to determine whether the frequency and severity of spills
reported from North Slope oil and gas operations had a relationship to the age of the infrastructure.
If the oil and gas production infrastructure is deteriorating due to age, an upward trend in the number
and average size of spills might be expected.

The data for age at failure has many missing values and is not consistent across oil fields. But for those
pipelines that had leaks where the age of failure was determined, there is a significant correlation
between the probability of a spill and the age of the pipeline. A logistics regression model predicts
that a pipeline with 5 years of service has a 8.3% probability of having a spill and a pipeline with 30
years of service has a 81% probability of having a spill. This analysis provides evidence that spill
probability is correlated to pipeline age.

4.7 Leak Detection

Analysis of” both the time required to detect leaks and the detection methods used is limited because
of missing data. However the limited data seems to support the hypothesis that reducing the time-to-
detection for spills on the North Slope could dramatically reduce the spill severity. Almost all spills
are detected visually, no spills were detected solely by a leak detection system.

4.8 Spill Impacts

Limited data were available to assess the types of environments impacted by North Slope spills in the
data set. Where impact data was available, nearly 80% of the total volume spilled, impacted tundra,
with approximately two-thirds of those tundra spills impacting thawed tundra.” Insufficient data was
available to detect trends in spill impacts.

2 Thawed tundra is generally considered to be more environmentally sensitive than frozen tundra.
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EXPERT PANEL RECOMMENDATIONS

This section summarizes the recommendations formed by the Expert Panel during their June 2-4, 2010
meeting. The Panel formed seven key recommendations for activities or interventions that may help
the State of Alaska to achieve the goal of reducing the frequency and severity of oil spills from North
Slope crude oil transmission pipelines and flowlines. For each recommendation, the Expert Panel
identified the intended audience (generally, either regulators or operators), justification for how the
recommendation will help the State to move toward the goal of reducing the frequency and severity
of spillage, a discussion of key considerations, and examples of the types of activities or programs
that may be used to implement the recommendation. The recommendations relate specifically and
exclusively to the analysis of North Slope pipeline spill causal data discussed in Section 3 of this
report. Please note that the recommendations have been numbered based on priority. The list
progresses from activities that the Expert Panel believes would be most proactive to those that are
more reactive.

1. Move to an integrated Integrity Management Program (IMP) that focuses on leading
indicators.

2. Adopt or model IMP components at State level for flowlines and require documentation of
IMP-like activities for flowlines.

3. Ultilize existing and emerging technologies to reduce the time required to detect pipeline
leaks.

4. Standardize and improve spill data collection in order to better assess trends and common
causes of spills so that prevention measures can be targeted and evaluated to reduce future
leaks.

5. Conduct regular and ongoing proactive risk analyses to maintain systems at a prescribed level
of safety, and share information from risk analyses among operators and with regulators.

6. Oversee implementation of corrective or preventive measures to evaluate their impact and
effectiveness.

7. Establish a system of escalated enforcement to enhance and increase regulatory attention on
operators that have spills on the North Slope.

5.1 Focus Integrity Management on Leading Indicators

Recommendation
The Expert Panel recommends:

Move to an integrated Integrity Management Program that focuses on leading indicators.
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This recommendation is targeted at North Slope crude oil infrastructure operators with oversight from
regulators.

Justification

In order to reduce spills, which represent a low probability/high consequence event, operators and
regulators must focus on reducing the lower-consequence incidents and near misses that lead up to
spills.

Discussion

Modern safety management programs in many US industries, including crude oil production, are based
upon the “pyramid” principle, which holds that for every one major event (injury, failure, oil spill), there
are nearly 30 minor events and 300 near miss incidents. The implication of this theory, commonly
referred to as the Heinrich safety pyramid (Heinrich 1931), is that interventions that prevent the near
miss and minor incidents at the bottom of the pyramid will stop the chain of events that could lead up
to the one major or catastrophic event. Figure 5-1 shows an example of a Heinrich safety pyramid.

The Expert Panel observed that the
North Slope operators and regulators
are focused on spills, which align with

1 major injury the top of the Heinrich Pyramid with
regard to oil spill prevention. While

the ultimate goal of both the regulators
and the industry is to reduce the number
of spills, current loss prevention

?9
minor
injuries
philosophies suggest that focusing solely
on spill prevention will not provide

an acceptable reduction in the number
of spills. A more eftective means of
spill prevention would be to focus on
controlling the events that make up

the base of the pyramid or the leading
indicators of damage. By focusing on
Figure 5-1. Heinrich Safety Pyramid. the precursor events that create the
environment that results in an oil spill or pipeline leak, the damage mechanism is interrupted long
before there is a threat to the integrity of the system. The key to this approach is to understand and
identify the leading indicators preceding the failure modes that contribute to loss-of-integrity. Many

modern safety management programs apply this approach of tracking leading indicators to prevent
loss.

The challenge to this approach is that it requires an understanding and identification of the
contributing causes to an event. Unlike the proximate or immediate cause, which is typically the
precursor event that immediately precedes a spill, the root cause is the underlying problem or failure
that led up to the incident (Gregory, Holly, and Thomas 1997). For example, for a pipeline leak
caused by external corrosion, the proxrimate cause of the spill would be external corrosion of the
pipeline. This tells us “what happened,” but it doesn’t explain “why.” Contributing or root cause
analysis provides an opportunity to investigate the underlying reasons for the leak — why the corrosion
occurred. For this example, the root cause of the spill may have been wet insulation that allowed the
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corrosion process to take root. Water trapped between the outside insulation and the pipeline caused
the pipeline to corrode and eventually fail. Recommendation #4 and Appendix F discuss various
methodologies for conducting root cause analyses.

Once the root cause of a particular failure mode is understood (here, the link between wet insulation
and external corrosion), operators and regulators can use that information to monitor for these types
of spill precursors — also called “leading indicators” — as part of a prevention program. A program
that effectively identifies and remedies wet insulation before it has the opportunity to externally
corrode the pipe will stop the chain of events potentially leading up to an oil spill. Essentially, this
intervention catches the problem while it is still in the lower part of the pyramid, before it can lead to
a top of" the pyramid type event (leak or spill).

The Expert Panel cited the U.S. Nuclear Regulatory Commission (NRC) risk-informed regulatory
process as one example of utilizing leading indicators to manage risk." This program also illustrates
the escalated enforcement concept discussed under Recommendation #7. The NRC re